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FOREWORD  AND  CONCLUSIONS 


by 

Wolfgang  Schmidt 
Hornier  Luftfahrt  GmbH 
Friedrichshafcn 
Federal  Republic  of  Germany 


During  the  past  years  the  important  role  of  adequate  mesh  generation  for  Computational  Fluid  Dynamics  (CFD)  has 
been  fully  recognized.  Accurate  mesh  generation  has  emerged  as  an  indespensible  tool  in  F.uler  and/or  Navier-Stokes 
calculations.  It  has  been  amply  demonstrated  that  the  viability  of  a  numerical  solution  depends  directly  on  the  quality  ol  the 
mesh  and  surface  representation  as  measured  by  its  spacing  and  resolution.  Of  particular  interest  is  the  mesh  generation  for 
complex  configurations,  such  as  advanced  fighter  or  transport  aircraft,  missiles,  or  space  vehicles,  where  complex  geometres 
and 'or  complex  flowfields  have  to  be  analysed. 

There  exist  numerous  reports  and  proceedings  on  various  methods  with  many  examples  such  as  in  References  1 1 1  and 
|2|.  The  present  AGARD  Specialists'  Meeting  on  Mesh  Generation  has  been  directed  ••"vrds  the  application  of  the  different 
techniques  available  and  the  problems  encountered  if  applied  to  complex  cases. 

Since  two  papers  could  not  be  given  orally,  Professor  J. Stoner  agreed  to  present  his  paper  "Generation  of  ’-O  Hrwtv 
Fit!';.1  'J.ids  by  Solving  Hyperbolic  Partial  Differential  Equations"  and  Dr  Paul  Kutler  gave  a  presentation  on  "CFD  at 
NASA  AMES  ".  Professor  Steger’s  presentation  has  been  described  in  detail  in  References  |4| — 16|. 

The  meeting  has  been  structured  in  five  sessions,  giving  general  surveys  by  papers  one  and  two  in  session  one.  four 
papers  on  algebraic  grid  generation  in  session  two,  session  three  with  four  papers  on  block  tructured  meshes,  session  four 
with  six  papers  on  multiblock  and/or  adaptive  meshes,  and  session  five  with  five  papers  on  unstructured  meshes.  The  final 
paper  was  an  invited  paper  from  the  Electromagnetic  Wave  Propagation  Panel  showing  the  mutuality  between  the 
computation  of  electromagnetic  wave  propagation  and  CFD.  especially  in  mesh  generation. 

A  detailed  evaluation  of  the  material  presented  has  been  prepared  by  the  technical  evaluator  J.Steger.  His  results  arc- 
published  under  separate  cover  as  AGARD-AR-268  |.3|. 
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AVANT-PROPOS  ET  CONCLUSIONS 


Au  cours  des  dernieres  annees,  I'importance  de  la  generation  de  maillages  adequats  pour  1’aerodynamique  numerique 
(CFD)  a  ete  universellement  reconnue.  La  generation  de  maillages  fideles  apparait  aujord'hui  comme  un  outil  indispensable 
pour  la  resolution  des  equations  d'Euler  et/ou  de  Navier-Stokes.  II  a  etc  amplement  demontre  que  la  viabilite  des  solutions 
numeriques  depend  directement  de  la  qualite  de  la  representation  du  maillage  et  de  la  surface  aerodynamique,  telle  que 
definie  par  son  pas  et  sa  resolution.  La  generation  de  maillages  pour  des  configurations  complexes,  telles  que  des  aeronefs  de 
combat  ou  de  transport  evolues.  des  missiles,  ou  des  vehicules  spatiaux,  impliquant  I’analyse  de  geometries  et/ou  de  champs 
decoulement complexes, est dun  interet tout  particulier. 

II  existe  de  nombreux  rapports  et  comptes-rendus  sur  les  differentes  methodes,  contenant  beaucoup  d'exemples.  tels 
que  [  1|  ou  |2J.  Cette  reunion  AGARD  de  specialistes,  sur  la  generation  des  maillages.  est  orientee  vers  la  mise  en  application 
des  differentes  techniques  disponibles  et  les  problemes  rencontres  lorsque  ces  techniques  sont  appliquees  a  des  cas 
complexes. 


Deux  des  conferenciers  n'ayant  pas  pu  participer  a  la  reunion,  le  Prof.  J.Steger  a  bien  voulu  accepter  de  presenter  une 
communication  sur  "La  generation  de  grilles  tridimensionelles,  pour  une  representation  affinee  de  la  cellule  de  I'aeronef.  par 
la  resolution  dequations  differentielles  partielles  hyperboliques”  et  le  Dr  Paul  Kutler  a  presente  une  communication  sur 
"l.  aerodynamique  numerique  (CFD)  a  NASA  AMES”.  Une  description  detaillee  de  la  presentation  du  Professeur  Steger  est 
donnee  ref.  |4|  et  |6j. 


La  reunion  a  etc 

—  seance  1 

—  seance  2 

—  seance  3 

—  seance  4 

—  seance  5 


organisee  en  cinq  seances,  scion  le  programme  suivant: 
deux  communications  servant  d'introduction  au  sujet 
quatre  communications  sur  la  generation  de  grilles  algebriques 
quatre  communications  sur  les  maillaaes  structures  par  blocs 
six  communications  sur  les  maillages  multiblocs  et/ou  adaptatifs 
cinq  communications  sur  les  maillages  non  structures 


La  derniere  communication,  presentee  par  le  Panel  sur  la  propagation  des  ondes  elcctromagnetiques.  a  demontre  la 
relation  entre  le  calcul  de  la  propagation  des  ondes  elcctromagnetiques  et  le  CFD.  en  particulier  pour  la  generation  des 
maillages. 


Une  evaluation  detaillee  des  textes  presentes  a  ete  realisee  par  ('expert  en  la  matiere.  J.Steger,  et  ses  conclusions  ont  ete 
publiees  sous  la  forme  du  document  AGARD-AR-268  |3|. 
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RECENT  DEVELOPMENTS  IN  GRID  GENERATION 

hy 

J. Hauser  and  A.Vinekier 

Aerothermodynamics  Section 
ESA  —  European  Space  Research  and  Technology  Center 
P.O.  Box  299.  2200  AG  Noordwijk 
The  Netherlands 

ABSTRACT 

This  paper  gives  an  overview  on  recent  developments  in  grid  generation  with  emphasis  on  the  results  presented 
in  the  proceedings  of  the  Second  International  Conference  in  Numerical  Grid  Generation  in  Computational 
Fluid  Mechanics  '88.  Grid  generation  is  essential  for  the  solution  of  all  kinds  of  fluid  physics  problems.  It  also 
reports  briefly  about  the  grid  generation  activities  pursued  by  the  authors,  mainly  to  be  used  for  Hermes.  It  is 
particularly  important  in  cases  where  very  different  length  scales  are  present,  as,  for  example,  in  the  case  of 
turbulence,  which  can  be  considered  as  the  pacing  item  in  present  day  fluid  physics.  The  main  issue  of  this 
work  deals  with  multi  block  grids  in  3-D,  but  unstructured  grids  are  also  briefly  mentioned.  The  important 
topics  in  multi-block  grid  generation  are  outlined  and  various  approaches  to  their  solution  are  discussed.  The 
following  main  building  blocks  have  been  identified:  Topology  of  the  grid,  that  is  how  neighboring  blocks  are 
identified  and  what  their  relative  orientation  is  to  each  other;  patched  (nonoverlapping  grid  that  has  grid  line 
continuity  only)  or  matched  grids  (grids  with  slope  continuity,  i.e.  continuous  tangent  vector);  block 
decomposition,  which  has  to  be  automated  if  hundreds  or  thousands  of  blocks  are  being  used;  surface  grid 
generation  and  analytical  description  of  smooth  surfaces  to  avoid  the  generation  of  shocks  or  expansion  fans; 
grid  point  clustering  (static  grids);  grid  adaptation  (dynamic  grids)  according  to  specified  gradients  or  function 
values  performed  either  by  redistribution  or  by  local  enrichment;  postprocessing  of  grids  to  visualize  and  to 
achieve  a  specified  grid  quality  at  certain  point ;  or  along  certain  lines  or  planes  (interactive  process). 

1  Introduction 

Before  a  numerical  solution  can  be  computed,  a  proper  grid  must  be  generated  around  the  vehicle  or  body 
of  interest.  Depending  on  the  physical  phenomena  during  the  flight  regime,  the  grid  point  distribution  can  vary 
substantially.  Numerical  grid  generation  therefore  demands  a  great  flexibility  in  distributing  grid  points  within 
the  solution  domain  The  goal  is  to  place  grid  points  at  locations  where  the  physics  is  changing  to  achieve 
highest  accuracy  while  only  a  minimal  set  of  grid  points  is  used.  This  can  be  done  by  using  structured  grids  (a 
curvilinear  CS  (Coordinate  System)  is  defined)  or  by  using  an  unstructured  grid  where  the  neighboring  grid 
points  are  identified  by  a  table  of  nearest  neighbors.  The  most  widely  used  solution  technique  is  the  same  for 
both  type  of  grids  -as  far  as  compressible  flow  is  concerned-  namely  the  FV  (Finite  Volume)  technique,  which 
ensures  the  conservation  of  the  physical  quantities  and  allows  for  weak  solutions. 

In  the  following  a  brief  discussion  of  the  merits  and  demerits  of  structured  and  unstructured  grids  is  given,  and 
recommendations  are  presented  when  to  use  either  type  of  grid.  However,  this  is  based  on  a  personal  view  and 
there  may  be  different  opinions 

2  Structured  versus  ft, structured  Grids 

Regarding  high  speed  flow  past  3-D  objects  many  flow  situations  can  be  encountered  where  the  flow  in  the 
vicinity  of  the  body  is  aligned  with  the  surface,  i.e  there  is  a  prevailing  flow  direction  This  is  especially  the 
Case  in  hypersonic  flow  The  use  of  a  SG  (Structured  Grid),  also  called  body  fitted  or  boundary  fitted  grid, 
allows  the  alignment  of  the  finite  FVs  tn  that  direction,  resulting  ;n  locally  ID  flow  H-nce.  numerical  diffusion 
is  reduced,  i.e.  better  accuracy  is  achieved  when  compared  to  an  UG  (Unstructured  Grid).  Second,  SGs  ran  be 
made  orthogonal  at  boundaries  facilitating  the  implementation  of  BCs  (Boundary  Condition)  and  also 
increasing  the  numerical  accuracy  at  boundaries.  Furthermore,  orthogonality  increases  the  accuracy  when 
algebraic  turbulence  models  are  employed  In  the  solution  of  the  N-S  (Navier-Stokes)  equations,  the  BL 
(Boundary  Layer)  must  be  resolved.  This  demands  that  the  grid  is  closely  wrapped  around  the  body  to  describe 
the  physics  of  the  BL  (some  32  layers  are  used  in  general  for  SGs  or  UGs).  Here  some  type  of  SG  is 
indispensable.  In  addition,  to  describe  the  surface  of  the  body  a  structured  approach  is  necessary.  The 
resolution  of  the  BL  leads  to  large  anisotropies  in  the  length  scales  in  the  directions  along  and  off  the  body. 
Since  the  time-step  size  in  an  explicit  scheme  is  governed  by  the  smallest  length  scale  or,  in  the  case  of 
chemical  reacting  flow,  by  the  magnitude  of  the  chemical  production  terms,  there  will  be  extremely  small  lime 
steps  necessary  This  behavior  is  not  demanded  by  accuracy  but  to  retain  the  stability  of  the  scheme.  Thus, 
implicit  schemes  will  be  of  advantage  In  order  to  invert  the  implicit  operator,  factorization  is  generally  used, 
resulting  in  two  factors  if  LU  decomposition  (that  is  factoring  in  the  direction  of  the  plus  and  minus 
eigenvalues)  is  employed  or  in  three  factors  if  the  coordinate  directions  are  used.  For  the  unstructured  approach 
there  is  no  direct  way  to  perform  this  type  of  factorization.  Moreover,  the  use  of  the  so  called  thin  layer 
approach,  that  is  retaining  the  viscous  terms  only  in  the  direction  off  the  body,  cannot  be  used.  A  reduction  of 
30%  in  computer  time  has  been  reported.  Since  there  are  no  coordinate  lines  in  the  UG,  this  simplification  is 
not  possible  Moreover,  the  flow  solver  based  on  the  UG  is  substantially  slower  than  for  the  SG.  This  is  due  to 
the  more  complicated  data  structure  needed  for  UGs.  Factors  of  3  [38]  and  by  some  authors  of  up  to  10  139] 
have  bee”  given  in  the  literature. 

Although  it  might  be  thought  that  CPU  time  is  no  longer  a  critical  item  with  the  next  generation  of  computers, 
this  will  not  be  true  if  turbulent  flows  and  transition  phenomena  are  to  be  modeled.  Suppose  there  is  a  Cray4 
that  is  a  100  times  more  powerful  than  the  present  Cray2  and  suppose  we  need  a  factor  of  three  more  in  CPU 
lime  and  memory  based  on  10  Million  grid  points.  This  would  amount  to  additional  299  present  day  Cray 2s, 
and  using  100  words  per  gridpoint  would  demand  additional  16  Gbytes  of  memory.  Since  transition  and 


turbulence  are  the  driving  force  for  future  applications  in  aerospace,  any  additional  increase  in  computing 
speed  and  memory  has  to  he  used  to  improve  these  solution  of  the  physical  phenomena 

An  important  point  for  the  accuracy  of  the  solution  is  the  capability  of  grid  point  clustering  and  solution 
adaptation.  In  geneial,  SGs  provide  sophisticated  means  both  for  clustering  and  adaptation  using  redistribution 
or  local  enrichment  techniques  A  comparison  of  these  two  approaches  is  given  in  |I4|  where  local  enrichment 
gives  somewhat  better  results  However,  it  is  much  more  costly  to  use.  The  highest  degree  of  freedom  of  course 
is  obtained  in  UGs  We  feel,  however,  that  mesh  redistribution  is  totally  adequate  for  the  major  part  of  the  flow 
situations  encountered  in  external  flows,  especially  in  aerodynamics  If  a  very  complex  wave  pattern  due  to 
special  physical  phenomena  evolves,  for  example,  generating  dozens  of  shock  waves,  then  the  UG  has 
advantages  [30|.  In  addition,  the  coupling  of  SGs  with  UGs  is  possible  as  has  been  shown  in  [17]  Such  a  grid  is 
called  a  hybrid  grid. 

Attention  should  also  be  given  to  the  use  of  parallel  computers.  Massively  parallel  systems  with  several 
hundred  of  processors  wdl  soon  become  available.  Here  block-structured  grids  can  be  very  important,  since,  in 
principal,  each  processor  can  iterate  the  solution  for  each  block  and  then  update  the  boundaries  of  the 
neighboring  blocks  by  passing  a  message.  Overlapping  block-structured  grids  are  very  well  suited  for  this  type 
of  computer  However,  in  3-D,  overlaps  should  be  restricted  to  one  face  only  to  avoid  the  storage  of  grid  points 
that  are  not  active,  (see  Fig  3)  It  is  important  to  note  that  the  solution  procedure  for  storage  coupled  or  private 
memory  machines  should  allow  the  application  to  general  geometries,  i.e  in  the  case  of  multi-block  (see 
Chap  3)  the  CP  does  not  have  a  regular  geometry  but  can  be  quite  fragmented  This  poses  dtfficul'tes  for 
machines  using  the  wave  concept  First  results  for  general  2-D  geometries  are  presented  in  [4| 


3  Multi  Block  versus  Single  Block 


If  the  topology  of  the  SD  and  the  domain  in  the  CP  are  not  of  the  same  order,  certain  grid  line 
configurations  cannot  be  realized  (see  lower  part  of  Fig.  lb)  Thus  a  n-fold  connected  region  in  the  PP  should  be 
mapped  onto  a  n-fold  connected  region  in  the  CP  This  is  achieved  by  using  the  so  called  multi-block  approach 
(Fig  2)  A  grid  can  be  comprised  by  matching  blocks  (see  Fig. 2)  where  slope  continuity  is  provided,  i.e. 
neighboring  blocks  overlap  by  one  row  or  one  column.  Looking  at  such  grids,  block-boundaries  are  not  visible, 
which  is  the  most  suitable  case  for  the  flow  solver,  sir.^c,  of  course,  the  flow  solution  must  not  depend  on  the 
blocking  of  the  SD.  This  can  be  avoided  by  the  following  construction  process:  first  a  fairly  coarse  grid 
utilizing  the  overlapping  approach  is  constructed,  and,  in  a  second  step,  the  grid  is  doubled  for  selected  blocks 
only,  without  changing  the  positions  of  the  grid  points  on  the  coarse  mesh.  This  approach  naturally  leads  to  a 
local  refinement  that  easily  ensures  flux  conservation  and  also  allows  the  direct  application  of  the  multigrid- 
technique  A  simpler  requirement  is  to  demand  grid  line  continuity  only  and  the  next  step  is  to  also  give  up  that 
feature,  which  results  in  more  freedom  in  grid  generation,  bur  demands  substantial  efforts  in  th.-  flow  solver  to 
guarantee  the  conservation  of  fluxes  across  block  boundaries.  The  best  approach,  of  course,  is  depending  on  the 
physics  that  has  to  be  modeled 
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Fig  I  The  upper  part  of  ( a )  shows  an  O-type  grid  which,  by  a  branch  cut.  can  be  mapped  onto  a  single 
rectangle  in  the  CP.  There  are  situations  where  an  H-type  grid  (lower  part  of  (a))  is  advantageous,  e  g.  flow 
post  a  cylinder  This  grid  line  configuration  cannot  be  obtained  by  a  branch  cut.  Using  cuts  always  maps  a  n- 
fold  connected  SD  onto  a  simply  connected  domain  in  the  CP.  Here  the  idea  of  multi-block  grids  is  essential  in 
generating  a  mapping  retaining  the  connectivity  of  the  original  SD.  Hence,  multiple  cuts  and  multi-blocks  are 
not  equivalent 


'  I  > 

A  1  1 


F ig  3  (irul  with  slop?  continuity  Eight  blocks  ore  necessary  if  the  same  number  of  grid  points  is  required  at 
neighboring  edges  The  multi  block  idea  therefore  is  to  map  the  SD  onto  a  set  of  connected  rectangles  in  2-D  or 
bmes  in  d-D  The  same  approach  can  he  used  for  curved  surfaces  in  d-D.  which  can  be  thought  to  be  patched 
or  matched  b\  a  set  of  charts  forming  an  atlas  where  eaih  chart  is  a  manifold,  i  e.  is  locally  equivalent  to  a 
plane  surface 


4  Kev  Issues  of  d-D  Mulnblock  Grids 


til  general,  geometrv  (lata  is  given  by  some  type  of  CAD  system  This  data  is  to  he  processed  to  generate 
the  required  surface  grid  The  surface  grid  serves  as  a  type  of  boundary  for  the  volume  grid  to  be  constructed, 
and  thus  strongly  influences  the  overall  grid  quality  The  following  gives  an  overview  of  the  key  issues  in  3-D 
multi-block  grids  In  Table  I  the  complete  process  for  the  design  of  a  vehicle  of  complex  geometry  is  outlined, 
starting  from  the  lower  left  comer  For  example,  at  present,  a  large  amount  of  time  has  to  be  spent  to  process 
the  data  from  e  g  ,  CATIA  or  Euclid  to  construct  a  computational  grid  for  the  Hennes  Space  Plane  In  the 
follow  ing  we  briefly  present  the  key  issues  of  3-D  multi-block  grid  generation.  Of  course,  not  all  the  topics 
mentioned  below  can  be  treated  in  depth  in  this  paper  One  of  the  major  problems  encountered  so  far  is  the 
large  amount  of  human  interaction  to  first  produce  a  surface  grid  and  the  subsequent  generation  of  the  multi- 
hlock  grid  Moreover,  the  blocking  of  the  grid  is  not  straightforward.  Here,  some  type  of  knowledge  based 
system  could  he  useful  1 1 1  or  the  technique  described  in  ( 24 1  could  he  employed,  which  can  he  considered  to  he 
a  major  step  forward  in  automating  the  decomposition  of  the  SD 
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Table  I  Flow  <  hart  for  the  flow  solution  process  starting  from  the  CAD  data  file  ( low  er  left  corner)  using  a 
modular  approach  The  output  file  of  one  module  is  the  input  file  of  the  follow  no;  one.  similar  to  the  Unix  pipe 
concept 


Fig  <  The  upper  part  shows  the  cross  sections  for  the  Hermes  Space  Plane.  The  original  tape  contains  spline 
coefficients  from  CATIA  This  information  then  is  processed  to  obtain  the  cross  sectional  curves.  Grid  points 
can  be  distributed  by  a  user  specified  weight  function,  e.g.  curvature.  It  is  essential  to  construct  a  sn.ooth 
surface  to  prevent  the  generation  of  shocks  or  expansion  fans.  Commercial  packages,  e  g.  PATRAN.  can 
therefore  not  be  used  to  generate  a  proper  surface.  The  lower  part  shows  the  block  structure  as  described  in 
122 1  4  softw  are  package  was  written  that  generates  a  sequence  of  cross  sections  from  CATIA  data  generating 
the  desired  grid  point  distribution  on  each  cross  section  for  the  Hermes  space  plane 

S  Surface  Grid  Generation 


l 


Be)  ( 1 1  gives  the  genetal  description  of  a  parametric  surface  needed  to  describe  the  surface  of  a  vehicle 
(body  l: 

.t' =.»'(«'. h2);  i'  =  l, 2.3  (1) 

In  component  form  using  (u.v)  as  independent  variable  this  can  be  written  as 


.1  =.V(u,v)  ;  y  sy(K.v) ;  ;  =  (u,r  ) 


(2) 


let  the  surface  of  the  body  be  the  plane  E,  =  constant,  two  mappings  have  to  he  considered  for  the  surface  grid: 
From  the  physical  space  to  parameter  space  and  from  there  to  the  Computational  Space  with  uniform  grid 
spacings  A£  =  Ar|  =  =  1.  The  surface  grid  can  then  be  generated  in  various  ways  For  example,  if  Eqs.(2) 

are  known  in  form  of  a  set  of  bicubic  splines  (Hemiite,  Bezier.  B-Splines).  the  general  form  of  3-D  elliptic  grid 
generation  equations  can  be  used  taking  into  account  the  constraints  represented  by  Eqs.(2)  We  start  from 
Fajs  (d)  (see  Chapter  7  for  details),  which  are  the  3-D  grid  generation  equations 


C>V 


fix' 


1=1. 2.3 


(2) 


Using  in  1  ,ii  ‘ )  instead  of  (u.v),  inserting  the  parametric  representation  in  F.qs.(2)  in  Eqs.(  1 ),  one  obtains. 


<'  =  .v'(tt 1  (4.r|.0), ii 2(E,,r),(>)) ;  I  =1,2.3 


(3! 


employing  the  chain  rule  for  first  derivatives 

vt,  =  *!."£,  +  C  'E,  :  <  =  1.2.3 


'll  =  c,«n  +  'I'n  ■  <=1.2.3 

(second  derivatives  are  derived  in  a  similar  way),  results  in  the  following  form  of  the  final  grid  generation 
equations 

«i"e,e,  +  diV'Tio  - 2(31/^  +  yluIln  +yiJ1Quri  +-/2C* I  ot'e„  -  (J'e.j  ]e„xc,.j  =0  (4) 

(*  =a'v„„  -  2(Ti>„,  +  fc\, 

«'  :=  «,  e,  ,  P'  :=  e„  i\  ;  f  :=  e,  o, 

A  similar  equation  holds  for  v  Vectors  e„.  e,  denote  tangent  vectors.  It  should  be  noted  that  Eqs.(4)  ensure  that 
points  will  move  on  the  surface  and  that  grid  point  distribution  control  functions  P.Q.R  can  be  determined  for 
example  from  the  boundary  point  distribution  or  by  additional  requirements  that  can  be  imposed  on  them  (see 
below ) 


In  order  to  improve  the  accuracy  of  the  solution  neai  the  body  surface,  additional  constraints  are  imposed  on 
the  grid  on  the  surface: 

It  is  however  mandatory  to  have  control  over  the  grid  qualm  neat  tie-  boundaries,  therefore  the  following 
constraints  are  imposed  where  the  body  surface  is  assumed  to  be  the  plane  ^  (I 


1-7 


In  Fig  (5a)  face  I  of  block  I  is  matched  to  face  3  of  block  2  in  the  same  direction,  (b)  shows  the  matching 
where  block  2  was  rotated  about  the  %-axis  by  an  angle  of  nil. 

The  appropriate  data  structure  describing  neighboring  blocks  along  with  the  matching  sides  has  to  be  designed; 
e  g  [40].  Here,  a  modem  high  level  language  like  C  or  C++  is  advantageous,  since  it  allows  the  definition  of 
complex  data  structures.  A  short  piece  of  code,  taken  from  [41],  shows  how  the  orientation  of  neighboring 
blocks  with  respect  to  each  other  is  determined.  Values  rot_x,  rot_y,  rot_z  varying  from  0  to  3,  determine 
rotation  of  a  face  from  0  to  3/2n.  The  routine  returns  values  for  ni,  nj,  nk  that  describe  the  orientation  of  the 
local  CS  of  the  neighboring  block  with  respect  to  the  neighboring  block.  In  C,  variables  provided  with  an 
asterisk,  denote  so  called  pointers,  i.e.  indirect  addressing  is  used. 

void  orient (rot_x, rot_y, rot^z, ni, n j, nk) 
unsigned  rot_x, rot_y, rot_z ; 
unsigned  *ni,*nj,*nk; 

[ 

void  mul <) ; 

static  int  MZ { 3)  [ 3 ] ~( 0, -1 , 0,  1 , 0, 0, 0, 0, 1 ) , MY [ 3 ]  [ 3 ] -{ 0, 0, 1 , 0, 1, 0, -1 , 0, 0 } , 
MX(31I31-U,0,0,0r0,-l,0,l,0),v[3J-U,2,3J; 
int  i,  j, k; 

for  (i-0; i<rot_x; i++) 
mul  (MX,  v)  ; 

for  (  j«=0;  j<rot_y;  j  +  +  ) 
mul  (MY,  v)  ; 

for  (k»0; k<rot_z ; k++) 
mul  (MZ,  v)  ; 

*ni«v(0] ; *n j-v(l) :  *nk«v[2) ; 

) 

void  mul (A, v) 
int  A[] (31,v(); 

I 

int  C  ( 3 ) ; 
int  i,  j  ; 

for ( i-0; i<3; i++) 

( C ( i 1 =0 ; 

for  ( j=0; j<3; j++) 

C  t i ) +-A t i J  | j)*v( j); ( 
for ( i  =0; i<3; itt) 
v ( i 1 -C [ i ] ; 

I 

Fig  6  Illustration  of  determination  of  orientation  of  local  CS  of  neighboring  block,  using  the  C -language. 
Among  others  advantages,  pointers  (denoted  by  *  tallowing  indirect  addressing  can  be  used. 

In  Fig.7  we  see  the  block  structure  for  a  2-D  multi-block  grid  for  an  airfoil  where  an  H-  and  C-  type  grid  are 
merged.  As  can  be  seen,  FVs  with  more  than  four  vertices  can  be  generated,  which  can  easily  be  handled  by  the 
flow  solver.  The  blocking  here  is  not  so  straightforward  since  common  edges  must  have  the  same  number  of 
grid  points  overlapping  by  one  row  or  one  column. 


Fig  7  The  block  structure  is  shown  for  an  airfoil  generating  a  grid  which  is  both  of  H-  and  C-  type 
structure  131 


Fig  9:  The  first  two  pictures  show  the  3-D  grid  for  a  fuselage-wing  configuration.  The  other  two  figures  show  a 
grid  around  a  generic  body,  having  some  similarity  with  the  space  shuttle.  The  figure  on  the  lower  right 
depicts  a  surface  grid  for  the  Hermes  space  plane  using  about  10000  points  The  purpose  of  this  figure  is  to 
demonstrate  the  importance  of  the  combination  of  sophisticated  visualization  software  together  with  advanced 
super  graphics  workstations,  that  are  indispensable  for  work  in  aerodynamics 


7.  The  Grid  Generation  Procedure 


In  general,  generating  the  grid  point  positions  for  2-D  and  3-D  grids  has  to  be  done  by  numerical 
techniques.  This  can  be  done  by  algebraic  grid  generation  [12]  (transfinite  interpolation)  or  by  solving  PDEs 
which  can  either  be  of  hyperbolic  [19]  or  elliptic  [8]  type.  Using  PDEs  demands  first  the  establishment  of  the 
system  of  equations  to  be  solved  (one  equation  for  each  coordinate  direction).  Hyperbolic  equations  do  not 
need  an  outer  boundary,  rather  the  grid  can  be  started  from  the  surface  of  the  body  and  then  be  advanced  into 
the  SD.  The  procedure  is  stopped  if  the  grid  is  far  enough  from  the  vehicle,  that  is  all  the  important  physics  is 
contained  in  the  gridded  region.  Of  course,  this  procedure  only  works  if  the  outer  boundary  is  not  prescribed.  In 
such  a  way  an  orthogonal  grid  can  be  constructed,  along  with  the  specification  of  the  grid  cell  sire.  Transfinite 
interpolation,  which  is  multi-directional  interpolation,  has  its  name  from  the  fact  that  it  matches  the  function  on 
the  entire  boundary,  i.e.  a;  a  nondenumerable  number  of  points.  Interpolation  is  normally  very  fast  in 
generating  a  grid,  which  is  however,  not  necessarily  smooth.  If  splines  are  to  be  used  as  blending  functions,  a 
grid  with  continuous  second  derivatives  is  obtained,  that  is  more  costly  to  generate.  The  multi-surface 
interpolation  is  a  unidirectional  interpolations!  procedure  where  interpolation  from  a  vector  field  along  with 
vector  normalization  at  each  interpolation  point  is  used  in  order  to  match  boundaries.  Both  techniques, 
algebraic  and  hyperbolic  grid  generation  normally  need  some  smoothing,  which  is  done  using  an  elliptic 
technique.  The  use  of  elliptic  PDEs  gives  rise  to  the  solution  of  a  boundary  value  problem,  i.e.  the  boundaries 
along  with  appropriate  BC’s  have  to  be  prescribed.  Therefore  we  will  outline  in  some  detail  the  essentials  of 
elliptic  grid  generation.  Recalling  an  example  from  electrostatics,  namely  the  picture  produced  by  electric  field 
lines  and  equipotential  lines  formed  by  a  set  of  two  charged  capacitors,  one  obtains  a  smooth  mesh  where  grid 
lines  are  concentrated  automatically  in  regions  of  higher  curvature.  Since  the  physics  is  described  by  the 
Laplace  equation  it  is  natural  to  use  this  equation  together  with  a  nonzero  RHS,  to  provide  additional  control 
over  the  grid  line  distribution. 


In  the  Physical  Plane  (PP)  the  elliptic  grid  generation  has  the  form 

^Lt  +  +  ^22  =  P 

+  %  +  n22  =  Q 
So+k+k-* 

Using  a  more  concise  notation 


one  can  write 


VJ4,=g"P,(V,^4-,)  =  P';,  =  1,2.3 


where  g'1  denote  the  contravariant  components  of  the  metric  tensor  g  (see  below).  All  equations,  that  is  the  grid 
generation  and  the  physical  equations  are  solved  in  the  CP  and  therefore  have  to  be  transformed  along  with 
their  BCs.  The  transformation  rule  for  the  Laplacian  applied  to  a  scalar  function  <b(v)  where  x  =  xi  +  yj  +  zk  is 
the  position  vector,  is  of  the  form 


V:<t>  =  +  't>: 


Per  ( i i  minor  of 


Del  g 
=  e;) 


Lei  <t>:=x'  and  note  that  V2x'  =  0.  Hence 


+[v2$j*'  =  o 


where  Einstein's  summation  convention  is  used;  double  indices  are  summed  over.  Substitutions  of  Eq.(6)  into 
Eq.(8)  results  in 

g"4v  +P*4  =0  ;  '=1.2,3  (9) 

Rewriting  the  latter  for  computational  efficiency  gives 

+a22x'im  +2(<J|2*£n  +Cxa  +R*s)  =0  ;  *=1,2,3  (10) 


The  source  functions,  P„,  are  used  to  influence  the  distribution  of  the  coordinate  lines  or  surfaces  in  the 
physical  domain.  This  system  of  equations  is  discretized  and  solved  numerically.  Very  often  this  is  done  by 
iteration.  If  multigrid  techniques  are  used,  a  substantial  speed  up  can  be  obtained.  In  that  case,  elliptic  grid 
generation  will  be  competitive  with  the  algebraic  technique. 


ft.  Mesh  Redistribution  and  Local  Enrichment 


The  RHS  of  the  grid  generation  equations  (see  Chap.7)  contains  the  so  called  control  functions,  P.Q,  and  R. 
These  functions  can  be  used  to  redistribute  the  mesh  point  configuration  according  to  the  grid  point  distribution 
specified  on  the  boundaries,  which  is  used  to  calculate  the  values  of  the  control  functions  and  then  interpolates 
them  into  the  SD.  Hence,  the  grid  in  the  interior  shows  the  same  grid  point  distribution  as  on  the  boundary. 
Fig.  10  shows  the  effect  of  the  control  function  on  the  grid  point  locations  and  Fig.  11  shows  a  redistributed 
mesh  for  a  cross  section  of  the  Space  Shuttle. 


p  :  .30  p . 3  3 , 0  p  »o  a.o  p « 0  q  * 0 


Fig  10  This  picture,  taken  from  /d/,  shows  the  impact  of  control  functions  on  the  grid  point  distribution. 
Control  function  values  larger  than  0  move  the  grid  lines  to  higher  coordinate  values  Movement  in  the 
opposite  direction  is  achieved  for  negative  control  function  values. 


Fig  1 1  Redistributed  mesh  for  a  space  shuttle  cross  section  via  control  functions 

In  Fig  12  the  effect  of  control  functions  P.Q  on  the  angles  P  and  a  is  depicted  for  the  plane  £  =  const.  Function 
R  controls  the  distance  of  the  next  layer  of  points.  In  order  to  prevent  the  influence  of  these  control  functions 
into  the  SD,  they  are  multiplied  with  an  exponentially  decreasing  function  In  order  to  reduce  the  number  of 
iterations,  a  good  initial  guess  for  P,Q,R  should  be  supplied  (6). 


Fig  12:  C  ontrol  functions  as  used  in  [6]  for  the  control  of  angle  for  grid  lines  in  the  direction  off  the  body.  i.e. 
angles  a  and  3  can  be  specified.  The  third  control  function  controls  the  distance  of  the  next  layer  of  grid  points 
from  the  surface  Control  functions  are  calculated  iteratively.  This  approach  allows  a  gmtd  control  of  grid 
point  distribution 


Figs  13  and  14  show  a  comparison  of  grid  redistribution  and  local  enrichment.  The  grid  is  redistributed 
according  to  the  change  in  the  physical  solution,  e  g.  pressure  or  density  using  some  type  of  either  finite 
approximation  of  the  gradient  or  the  second  derivative.  It  is  important  to  ensure  that  grid  lines  cannot  cross 
over  Details  can  be  found  in  [14]. 


(a)  Redistributed  grid 


(b)  Embedded  grid 


Surface  Mach  number  distributions  for  the  RAK-2822  airfoil  at  A =  0  75 

Fig  13:  Grid  point  redistribution  versus  local  enrichment  [8],  Although  enrichment  results  in  a  somewhat 
sharper  shock,  the  data  structure  is  more  complicated  if  multi-block  grids  are  used.  However,  mesh 
redistribution  results  in  a  simpler  code.  An  alternative  is  to  use  enrichment  for  complete  blocks  only  so  flux 
conservation  across  neighboring  faces  is  easily  achieved. 


A  Comparison  of  Two  Adaptive  Grid  Techniques 


(a)  Mach  number  contours  on  initial,  non  adapted  grid,  AA f  =  0  10 


Adapted  solutions  for  A E*  =  2  1X1  flow  in  a  duel  with  10“  wedges 


Fig  14:  Grid  point  redistribution  versus  local  enrichment  for  SGs  taken  from  18/  Shock  capturing  features  of 
both  techniques  are  very  good  where  local  enrichment  gives  somewhat  better  results. 

9.  Unstructured  Grids 

In  the  past,  UGs  have  been  used  mainly  in  structural  mechanics,  in  connection  with  the  finite  element 
method  (FEM).  Recently  UGs  have  been  applied  to  fluid  dynamics,  and  some  impressive  results  have  been 
obtained,  see,  e  g.,  Fig.  IS.  This  is  not  in  contradiction  to  our  discussion  in  Sec. 2. 


Fig  I*  Derail  of  surface  riu,:g;dation  from  a  tetrahedral  mesh  around  the  FI  5  aircraft,  taken  from  129] 

The  major  concern  is  that  UGs  using  the  FEM  will  demand  much  more  hardware  resources  and  higher 
computation  times.  Most  UGs  are  generated  using  a  Delaunay  triangulation  that  will  produce  the  most 
equiangular  triangles  possible  For  viscous  flow  this  is  not  well  suited  since  a  directionally  refined  mesh  is 
needed.  The  generation  of  this  type  of  mesh  is  described  in  [28],  However,  UG  generation  is  at  least  an  order  of 
magnitude  slower  compared  to  the  block-structured  technique. 

10.  Grid  Generation  on  Parallel  Computers 


In  the  preface  of  the  proceedings  of  the  First  Grid  Generation  Conference  [43 1.  the  possible  impact  of 
parallel  computers  was  briefly  discussed,  and  the  importance  of  parallel  algorithms  for  CFD  was  stressed.  In  a 
recent  survey  paper  by  Holst  (42),  the  number  of  floating  point  operations  for  the  solution  of  the  3-D  N-S 
equations  exceeds  10n  for  the  hypersonic  case  with  a  grid  of  some  H*h  point.  This  estimate  is  valid  for  the 
stationary  case  only  and  does  not  include  the  solution  of  equations  needed  to  account  for  chemical  reactions 
Thus,  for  realistic  hypersonic  equations  where  up  to  some  10'  grid  points  may  be  necessary,  and.  including 
transition  and  turbulence  phenomena  as  well  as  thermo-  chemical  nonequilibrium.  I015  or  even  1016  floating 
point  operations  have  to  be  performed.  C  learly,  this  tremendous  number  of  floating  point  operations  cannot  be 
handled  by  a  single  processor  in  a  time  and  cost  effective  manner  The  solution  therefore  lies  in  the  use  of  a 
computer  architecture  employing  a  set  of  processors  working  in  parallel. 

Using  the  overlapping  multi-block  approach,  it  is  naturally  to  ascribe  one  or  more  blocks  to  each  processor  on 
which  to  solve  the  Poisson  equation  (for  grid  generation)  or  the  physical  equations.  This  process  is  called  DC 
(Domain  Decomposition)  Grid  generation  is  a  good  example  for  DC,  since  exactly  the  same  structure  is  used 
for  the  flow  solver,  which  is  computationally  much  more  expensive.  However,  it  is  important  to  parallelize  the 
code  in  such  a  way  that  there  are  no  dependencies  on  the  shape  of  the  SD,  i.e.  in  some  papers  the  SD  was 
assumed  to  be  of  rectangular  shape,  which  was  then  subdivided.  For  the  general  case,  the  SD  is  a  set  of 
connected  rectangles  or  boxes  and  its  shape  must  not  influence  the  speedup  of  the  parallel  algorithm  [4], 

We  concentrate  here  on  massively  parallel  systems,  e  g.  Intel’s  hypercube  or  the  Suprenum  machine  [37], 
which  are  private  memory  (several  MB),  message  passing  systems  where  each  processor  has  a  power  of  several 
MFLOPs 

It  is  often  stated  that  scientific  programs  have  several  percent  of  serial  computational  work,  s,  that  limits  the 
speedup,  a,  of  parallel  machines  to  an  asymptotic  value  of  1  Is  according  to  Amdahl's  law  where  s+p- 1 
(normalized)  and  n  is  the  number  of  processors: 


s+pln  s+p/n 


This  law  is  based  on  the  question:  Given  the  computation  time  on  the  serial  computer  how  long  does  it  take  on 
the  parallel  system?  However,  the  question  can  also  be  posed  in  another  way:  Let  s',p'  be  the  serial  and 
parallel  time  spent  on  the  parallel  system  then  s’  +p'n  is  the  time  spent  on  a  uniprocessor  system.  This  gives  an 
alternative  to  Amdahl's  law  and  results  in  the  speedup  which  is  more  relevant  in  practice: 

s’+p'n 

<*=-;.  ,  =n  +(1  -  n)j  (12) 

s+p 

It  should  be  noted  that  DC  does  not  demand  the  parallelization  of  the  solution  algorithm  but  is  based  on  the 
partitioning  of  the  SD;  i.e.  the  same  algorithm  on  different  data  is  executed.  With  that  respect,  the  serial  pan»  s 
or  s'  can  be  set  to  0  for  DC  and  both  formulas  give  the  same  result.  The  important  factor  is  the  ratio  rt-j-  (see 
below),  which  is  a  measure  for  the  communication  overhead.  In  general,  if  the  selection  algorithm  is 
parallelized.  Amdahl's  law  gives  a  severe  limitation  of  the  speedup,  since  for  n  — >■*>  a  is  equal  1/s.  If,  for 
example,  ,t  is  two  percent  and  n  is  1000,  the  highest  possible  speedup  from  Amdahl’s  law  is  50.  However,  this 
law  does  not  account  for  the  fact  that  ,t  and  p  can  be  functions  of  n.  As  described  below  the  number  of 
processors,  the  processor  speed  and  memory  are  not  independent  variables,  which  simply  means,  if  we  connect 
more  and  faster  processors,  a  larger  memory  is  needed,  leading  to  a  larger  problem  size,  and  thus  reducing  the 
serial  part  Therefor  speedup  increases.  If  s'  equals  two  percent  and  n  =  1024,  the  scaled  sized  law  will  give  a 


speedup  of  980,  which  actually  has  been  achieved  in  practice.  However,  one  has  to  keep  in  mind  that  s  and  s' 
have  different  values.  If  s'  denoted  the  serial  part  on  a  parallel  processor  in  floating  point  operations,  it  is  not 
correct  to  set  s  =  s'n  since  the  solution  algorithms  on  the  uniprocessor  and  parallel  system  are  different  in 
general. 


For  practical  applications  the  type  of  parallel  systems  should  be  selected  by  the  problem  that  has  to  be  solved. 
For  example,  for  routine  applications  to  compute  the  flow  around  a  spacecraft  on  a  grid  of  107  grid  points, 
needing  some  1014  floating  point  operations,  computation  time  should  be  some  15  minutes.  Systems  of  1000 
processors  can  be  handled,  so  each  processor  has  to  do  some  HI11  computations,  and  therefore  a  power  of  100 
MFIops  per  processor  is  needed.  Assuming  that  some  100  words,  8  bytes/word.  are  needed  per  grid  point,  the 
total  memory  amounts  to  8  GB,  that  means  8  MB  of  private  memory  fm  r*  h  pmcessor,  resulting  in  22  grid 
points  in  each  coordinate  direction  The  total  amount  of  processing  time  pet  block  consists  of  computation  and 
communication  time: 


,  =  /V4  *  4000*  t,  +6 N2*  10*  8*  lT 


(13) 


where  we  assumed  that  4000  floating  point  operations  per  grid  point  are  needed,  and  10  variables  of  8  byte 
length  per  boundary  point  have  to  be  communicated.  Variables  t,  r7  are  the  time  per  floating  point  operation 
and  the  transfer  time  per  byte,  respectively  For  a  crude  estimate,  we  omit  the  set  up  time  for  a  message.  Using 
a  bus  speed  of  250  MB/s  (quite  high),  we  find  for  the  ratio  of  computation  time  and  communication  time. 


rLl  := 


Jr  *  4000  *  250 
6 N2  *  10*  8*  100 


:  20 N 


ti-f) 


That  is  for  N  =  22,  communication  time  per  block  is  less  than  0.25%  of  the  computation  time.  In  that  respect, 
implicit  schemes  should  be  favoured,  because  the  amount  of  computation  per  time  step  is  much  larger  than  for 
an  explicit  one. 


In  order  to  achieve  the  high  computational  power  per  node  a  MIMD/SfMD  (Multiple  Instruction  Multiple  Data; 
Simple  Instruction  Multiple  Data)  architecture  should  be  chosen;  that  means,  the  system  is  of  massively 
parallel  architecture,  e  g.  Suprenum,  and  each  processor  itself  is  equipped  with  a  pipelined  floating  point 
processor.  It  should  be  noted  that  even  if  r( 7v»l  this  is  not  sufficient,  since,  if  the  computation  speed  of  the 
single  processor  is  small,  e  g.  0.1  MFIops,  this  will  lead  to  a  large  speedup  which  is,  of  course,  somewhat 
misleading  because  the  high  value  for  rc  j-  only  results  from  the  low  processor  performance.  In  conclusion,  it  is 
believed  that  the  concept  of  MIMD/SIMD  is  the  most  promising  for  computationally  intensive  applications  in 
fluid  physics  and  DC  will  be  a  powerful  concept  to  tackle  problems  demanding  excessive  number  crunching. 

II.C omputer  Issues  in  Grid  Generation 


Fortran  77  is  the  language  most  widely  used  in  science  and  engineering.  This  language  has  quite  a  number 
of  defieiences  as  will  become  clear  obvious  when  compared  with  C  It  should  be  kept  in  mind  that  Fortran  (or 
Ratfor)  is  a  subset  of  C,  and  that  using  this  part  of  C  will  only  take  a  couple  of  days  for  an  experienced  F77 
programmer.  If  the  more  advanced  parts  of  C  are  going  to  be  used,  a  longer  training  period  is  needed,  resulting 
in  higher  productivity  and  a  safer  code  In  the  following  a  brief  comparison  between  F77  and  C  is  given: 

-  C  contains  all  F77  possibilities 

-  C  has  advantages  with  respect  to  automatic  debugging  (function  prototyping) 

-  C  allows  for  dynamic  storage  allocation 

-  C  allows  for  the  definition  of  complex  data  structures 

-  C  programs  are  much  shorter  and  well  structured 

-  C  has  an  interface  to  many  graphics  packages 

-  C  allows  recursive  programming 

-  C  is  portable 

-  F77  programs  can  be  called  from  C 

The  recommendation  is:  If  there  are  no  historical  constraints,  the  C  language  should  be  preferred,  in  particular 
tor  3-D  multi-block  grids  where  the  data  structure  is  more  complicated  and  especially  for  UGs,  which  have  a 
much  more  complex  data  structure.  With  the  growing  popularity  of  the  UNIX  operating  system,  a  C  compiler 
will  be  available  from  a  simple  PC  to  the  largest  supercomputer,  even  DEC  and  IBM  have  now  joined  in  the 
UNIX  market 

The  second  important  part  is  visualization  ot  3-D  grid-,  and  also  of  the  flow  (held  properties.  Very  powerful 
graphics  superworkstations  are  now  available,  e.g.  Silicon  Graphics,  Ardent,  Stellar,  Alliant  etc.  which  provide 
very  sophisticated  graphics  hardware  that  frees  the  user  from  the  burden  of  low  level  graphics  programming, 
for  example,  hidden  surface  detection  by  the  use  of  bitplanes,  which  results  in  a  speedup  of  several  orders  of 
magnitude  compared  with  dumb  workstations  capable  of  drawing  lines  only,  while  computations  are  performed 
on  a  mainframe. 

Adding  interactiveness  to  the  grid  generation  process,  in  combination  with  the  new  type  of  workstations  most 


likely  will  be  the  way  to  reduce  the  grid  preparation  time  for  complex  configurations  from  months  to  days. 
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ABSTRACT 

Current  techniques  for  the  generation  of  composite-block  structured  grids  for  general  3D  configurations  are 
discussed.  The  various  aspects  of  grid  generation  involved  are  noted,  and  their  incorporation  in  general  codes  is 
cited.  Current  techniques  for  adaptive  grids  for  general  configurations  are  also  discussed. 


1.  INTRODUCTION 

Grid  generation  has  piogressed  to  the  stage  now  of  large  general  code  development.  The  basic  mathematical 
techniques  involved  have,  to  a  large  degree,  been  settled  on  and  developed  to  an  adequate  level  for  common  use 
This  is  not  to  say  that  no  further  theoretical  developments  are  needed,  and  advances  continue  to  be  reported  in  the 
literature,  but  major  effort  is  now  focusing  on  implementation  in  comprehensive  codes.  The  principal  concern  is. 
in  fact,  now  the  development  of  automated  procedures  and  codes  with  effective  user  interfaces 

The  major  emphasis  now  is  on  the  treatment  of  very  complex  3D  configurations  and  on  dynamically-adaptive 
grids  coupled  with  solution  codes.  In  regard  to  the  former,  although  general  codes  are  now  available,  it  can  still 
fake  a  man-month  to  generate  a  grid  for  a  complex  new  configuration.  Although  more  computer  time  is  typically 
required  for  a  flow  (or  other  PDF.)  solution,  more  man-time  is  generally  spent  on  the  grid  This  is  particularly  a 
problem  as  flow  (PDE)  codes  are  becoming  available  that  can  be  run  effectively  by  design  engineers,  while  the 
effective  use  of  the  grid  codes  still  requires  considerable  expertise  and  experience  Adaptive  grid  techniques  are 
not  as  well  settled,  and  a  number  of  approaches  are  still  being  considered  Some  trends  are  emerging,  however, 
and  the  utility  of  grid  adaptation  is  clear 

This  paper  delineates  the  essential  grid  generation  techniques  that  are  incorporated  in  general  codes,  takes 
note  of  some  such  codes,  and  comments  on  some  of  the  more  promising  adaptive  approaches  This  is  not. 
however,  a  current  survey  of  grid  generation,  and  no  e f fort  is  made  to  cover  all  the  literature  on  the  subject  or  to 
cite  all  works  in  the  area  In  particular,  no  conscious  attention  is  given  to  new  generation  techniques  as  such 


2.  GRID  TYPES 

The  three  basic  grid  approaches  are  a  rectangular  or  Cartesian-like  grid,  a  structured  curvilinear  body -con¬ 
forming  grid,  and  an  unstructured  triangularized  grid.  Each  grid  type  has  advantages  and  disadvantages.  The 
rectangular  grid  is  well-ordered,  trivial  to  generafe.  readily  '•I'ows  accurate  interior  difference  approximations, 
and  the  representation  of  a  difference  approximation  requires  the  minimum  work  per  step.  However,  boundary 
representation  requires  special  logic,  is  generally  of  poor  accuracy,  and  the  grid  does  not  cluster  to  efficiently 
resolve  viscous  boundary  layers  on  curved  boundaries.  The  curvilinear  body-conforming  grid  is  also  well-or¬ 
dered.  allows  higher-order  difference  approximations,  permits  simple  and  accurate  boundary  difference  ap¬ 
proximations,  and  can  be  clustered  into  gradient  regions.  It  is  especially  well  suited  for  viscous  boundary  layer 
approximation.  However,  the  governing  equations  are  more  complex  to  difference  on  a  curvilinear  grid  (al¬ 
though  body-conforming  grids  often  permit  use  of  additional  approximations),  and  grid  generation,  while  not 
difficult  for  simple  bodies,  is  no  longer  trivial.  The  unstructured  triangularized  mesh  has  good  grid  concentration 
(i.e.,  triangles  can  be  readily  deleted  in  smooth  gradient  regions)  and  the  shape  of  the  boundary  curve  is  readily 
conformed  to.  However,  such  a  mesh  is  poorly  ordered  and  is  therefore  less  amenable  to  the  use  of  certain 
algorithms  (e  g.  ADI)  and  vectorized  computers.  The  unstructured  mesh  requires  less  ingenuity  to  devise  (though 
not  necessarily  to  code)  for  complicated  regions  than  does  the  structured  mesh,  but  requires  considerably  more 
computer  time  and  storage,  as  well  as  a  much  more  involved  data  handling  procedure.  Moreover,  unstructured 
meshes  have  not  been  used  to  a  significant  degree  for  resolving  high  Reynolds  number  viscous  boundary  layers  of 
practical  interest.  Combinations  of  structured  and  unstructured  meshes  can  also  be  used,  with  structured  meshes 
near  the  boundaries  connected  by  unstructured  meshes. 

For  a  simple  body  shape,  the  use  of  a  single  body-conforming  curvilinear  mesh  leads  to  the  most  efficient 
solution  procedure.  As  a  result  most  current  aerodynamics  solution  codes  employ  a  body-conforming  structured, 
curvilinear  grid.  Considerable  effort  is  now  underway  to  extend  these  procedures  for  complex  three-dimensional 
configurations,  generally  by  using  composite  grid  techniques. 

3.  COMPOSITE  GRIDS 
Terminology 

The  use  of  composite  grids  has  been  the  key  to  the  treatment  of  general  3D  configurations  with  structured 
grids  Here  in  general,  "composite"  refers  to  the  fact  that  the  physical  region  is  divided  into  subregions  (domain 
decomposition),  within  each  of  which  a  structured  grid  is  generated.  These  sub-grids  may  be  patched  together  at 
common  interfaces,  may  be  overlaid,  or  may  be  connected  by  an  unstructured  grid.  Considerable  confusion  has 
arisen  in  regard  to  terminology  for  composite  grids,  making  it  difficult  to  immediately  classify  papers  on  the 
subject 


Composite  grids  in  which  the  sub-grids  share  common  interfaces  are  referred  to  as  "block”,  "patched”, 
"embedded”,  or  "zonal"  grids  in  the  literature.  The  use  of  the  first  two  of  these  terms  is  fairly  consistent  with  this 
type  of  grid  ("patched"  comes  from  the  common  interfaces,  "block"  from  the  logically-rectangular  structure), 
but  the  last  two  are  sometimes  applied  to  overlaid  grids.  Overlaid  (overset)  grids  are  called  "chimera"  grids  after 
the  composite  monster  of  Greek  mythology,  but  may  also  be  said  to  be  "overlapped”.  Unfortunately,  the  com¬ 
mon  interface  grids  can  also  be  said  to  overlap  since  they  typically  use  surrounding  layers  of  points  to  achieve 
continuity.  Embedded  grids  can  be  most  anything,  and  the  term  is  probably  best  avoided.  The  use  of  "zonal” 
comes  mostly  from  CFD  applications  where  the  suggestion  of  applying  different  solution  equation  sets  in  differ¬ 
ent  flow  regions  is  made.  Perhaps  "block"  or  "patched"  would  be  best  for  the  common  interface  grids,  "chi¬ 
mera"  for  the  overlaid  (avoiding  "overlapped")  grids,  and  "hybrid"  for  the  structured-unstructured  combina¬ 
tions. 


Forms 

With  this  terminology  adopted,  the  block  (or  patched)  grids  may  be  completely  continuous  at  the  interfaces, 
have  slope  or  line  continuity,  or  be  discontinuous  (sharing  a  common  interface  but  not  common  points  thereon). 
(  Block'  seems  to  cover  all  of  these  possibilities,  but  "patched”  is  being  stretched  a  bit  in  the  latter  case  ) 
Complete  continuity  is  achieved  through  a  surrounding  layer  of  ("image",  "phantom”)  points  at  which  values  are 
kept  equal  to  those  corresponding  "object"  points  inside  an  adjacent  block.  This  requires  a  data  indexing 
procedure  to  link  the  blocks  across  the  interfaces.  W'ith  complete  continuity,  the  interface  is  not  fixed  (not  even  in 
shape),  but  is  determined  in  the  course  of  the  solution.  This  type  of  interface  necessitates  an  elliptic  generation 
system  Slope  continuity  requires  that  the  grid  generation  procedure  incorporate  some  control  over  the  intersec¬ 
tion  angle  at  boundaries  (usually,  but  not  necessarily,  orthogonality),  as  can  be  done  through  Hermite  interpola¬ 
tion  in  algebraic  generation  systems  or  through  iterative  adjustment  of  the  control  functions  in  elliptic  systems.  In 
this  case  the  points  on  the  interface  are  fixed,  and  the  sub-grids  are  generated  independently  except  for  the  use  of 
the  common  interface  points  and  a  common  (presumably  orthogonal)  angle  of  intersection  w ith  the  interface  The 
(.  TO  coding  construction  is  greatly  simplified  with  either  complete  or  slope  continuity,  since  no  algorithm  modifi¬ 
cations  are  necessary  at  the  interfaces. 

Ihc  chimera  (overlaid)  grids  are  composed  of  completely  independent  component  grids  which  may  even 
overlap  other  component  boundary  elements,  creating  "holes"  in  the  component  grid  This  requires  flagging 
procedures  to  locate  grid  points  that  lie  out  of  the  field  of  computation,  but  such  holes  can  be  handled  even  in 
tridiaeonal  solvers  by  placing  ones  at  the  corresponding  positions  on  the  matrix  diagonal  and  all  zeros  off  the 
diagonal  These  overlaid  grids  also  require  interpolation  to  transfer  data  between  grids,  and  that  subject  is  the 
principal  focus  of  effort  in  regard  to  the  use  of  this  type  of  composite  grid 

Ihc  hybrid  structured-unstructured  grids  avoid  this  mterpola’ion  by  replacing  the  overlaid  region  with  an 
unstructured  grid  connecting  logically-rectangular  structured  component  grids.  This  can  require  modification  of 
solution  codes,  however. 


Guiles 

\  number  of  codes,  some  quite  general,  based  on  the  block  structure  have  emerged,  allowing  CTD  applica¬ 
tions  on  full-aircraft  and  other  acneral  configurations  Some  of  these  block  codes  are  EAGLE  (Refs  1  2) 
MX, RAPE  (Refs  3,4).  NUGGET  (Ref.  5),  GRID- 3D  (Ref  6),  GRIDGEN  (Refs..  7,8).  GKNiE  (Ref  4),  and  the 
codes  of  Refs  10-25.  The  principal  overlaid  grid  code  is  still  that  which  coined  the  chimera  name  (Ref  26).  but 
this  approach  is  also  applied  in  Refs  27  and  28.  Some  applications  of  hybrid  grids  have  been  made  to  general 
configurations,  cf  Refs  29.30 


Techniques 

Algebraic  grid  generation  today  is  generally  based  on  transfinite  interpolation,  which  provides  a  general 
mechanism  for  combining  one-dimensional  interpolation  formulas  into  a  3D  framework  which  matches  all  the 
boundaries  of  a  region  With  transfinite  interpolation,  a  grid  is  generated  in  the  interior  of  a  region  algebraically 
by  interpolation  from  the  entire  (closed)  boundary  of  the  region,  and  perhaps  from  some  interior  specified  or 
control  surfaces  The  basis  of  this  multidimensional  interpolation  can  be  either  Lagrange  (linear)  or  Hermite 
(cubic)  interpolation,  the  latter  allowing  boundary  orthogonality.  The  blending  functions  which  accomplish  the 
interpolation  can  be  linear,  but  a  better  choice  is  based  on  normalized  arc-length  distribution,  itself  interpolated 
from  the  boundaries  by  transfinite  interpolation  of  one  less  dimensionality.  This  latter  procedure  allows  bound¬ 
ary  point  distributions  to  be  reflected  throughout  the  field  Spline  We-'Ertg  functions  defined  by  specified  point 
distributions  are  also  used.  Transfinite  interpolation  can  produce  boundary  or  grid-line  overlapping,  particularly 
with  Hermite  interpolation,  for  some  configuration  shapes,  and  interior  surfaces  (actual  or  control)  are  employed 
to  prevent  such  overlap.  Another  device  used  to  prevent  grid  overlap,  and  also  to  control  the  orientation  and 
spacing  of  grid  lines,  is  the  division  of  blocks  into  sub-blocks  for  the  purpose  of  the  interpolation  only,  not 
affecting  the  block  data  structure.  Values  on  the  sub-block  interior  boundaries  can  either  be  specified  for  explicit 
control,  or  can  be  interpolated  from  the  edges  by  transfinite  interpolation  of  one  less  dimensionality.  Grid 
overlap  is  a  problem  with  algebraic  grids,  particularly  when  Hermite  interpolation  is  used  for  boundary  ort¬ 
hogonality  Overlap  can  also  occur  with  elliptic  grids,  but  often  the  elliptic  system  can  unravel  an  overlapped 
algebraic  grid 

Transfinite  interpolation  is  the  fundamental  basis  of  the  composite-block  codes  of  Refs.  19-21.  24-25,  and  9, 
and  is  also  commonly  used  to  generate  an  initial  algebraic  grid  in  codes  based  on  elliptic  generation,  e  g.  Ref.  1 
The  algebraic  codes  often  use  an  elliptic  system  as  a  smoother,  cf.  Refs.  24,25,  and  9.  Additional  control  of  the 
algebraic  grid  in  the  interior  of  the  field  can  be  exercised  by  including  interior  "support"  surfaces  in  the  interpola¬ 
tion  as  in  Refv  24  and  25.  Related  to  this  is  the  use  of  spline  blending  functions  employing  interior  points  as  in 
Ref  31  Other  algebraic  approaches  that  have  been  used  in  composite-block  grids  include  the  curve-based 
system  of  Refs  22  and  23,  and  interpolation  from  nodes.  Ref.  32,  following  finite  element  technology. 


Elliptic  grid  generation  involves  the  solution  of  a  set  of  partial  differential  equations  for  the  grid,  usually  by 
point  SOR  iteration  for  general  configurations.  With  point  SOR  iteration,  locally-optimum  acceleration  parame¬ 
ters  should  be  used  for  robustness,  and  directed  (based  on  the  sign  of  the  control  functions)  one-sided  differences 
should  be  used  for  the  first  derivatives.  These  equations  involve  control  functions  which  control  the  orientation 
and  spacing  of  the  grid,  and  which  can  enforce  boundary  (or  interface)  orthogonality.  These  control  functions 
can  be  evaluated  automatically  by  transfinite  interpolation  from  the  boundaries  of  the  region,  or  can  be  evaluated 
from  an  initial  algebraic  grid  and  then  smoothed.  In  the  latter  case,  the  smoothing  should  be  done  only  in  the  two 
directions  other  than  that  of  the  control  function.  With  control  functions  determined  from  the  algebraic  grid  in 
this  manner,  the  elliptic  system  produces  a  grid  that  has  the  same  general  distribution  as  the  algebraic  grid  but 
which  is  smoother.  With  the  control  functions  evaluated  by  interpolation  from  the  boundaries,  the  spacing  and 
curvature  parts  of  the  control  function  should  be  evaluated  on  different  boundaries  and  interpolated  separately 
into  the  field.  The  spacing  component  is  evaluated  on  the  sides  logically  parallel  to  the  direction  of  the  control 
function,  and  interpolated  by  transfinite  interpolation  of  one  less  dimensionality,  while  the  curvature  term  is 
evaluated  on  the  other  two  sides  and  is  interpolated  one-dimensionally.  This  approach  allow  s  the  boundary  point 
distribution  to  be  reflected  into  the  field.  Boundary  orthogonality  is  achieved  by  iterative  adjustment  of  the 
control  functions.  All  of  these  techniques  for  elliptic  generation  systems  are  discussed  in  detail  in  Ref.  33. 

An  elliptic  generation  system  is  the  fundamental  basis  of  the  composite-block  codes  of  Refs.  1-18  and  34-35. 
Of  these,  the  code  of  Refs.  3  and  4  is  based  on  slope  continuity  at  block  interfaces.  The  rest  use  a  surrounding 
layer  of  points  around  each  block  to  achieve  complete  continuity  at  the  interfaces.  Many  of  these  codes  incorpo¬ 
rate  item  ve  adjustment  of  control  functions  for  boundary  ortho-  gonality,  and  also  for  use  on  interfaces  in  order 
to  allow  more  control  of  the  grid  Still  more  control  is  possible  with  the  provision  of  applying  this  feature  on 
interior  surfaces  w  ithin  blocks  as  in  Refs.  1,2  and  15,16  Various  forms  of  interpolation  of  the  boundary  control 
functions  into  the  field  in  the  course  of  this  iterative  adjustment  are  in  use.  The  original  source  of  the  procedure. 
Refs  3,4.  uses  exponential  interpolation,  while  Ref.  36  uses  a  power-law  decaying  interpolation  with  subsequent 
modifications  of  the  control  functions  to  improve  smoothness  and  reduce  skewness.  The  code  of  Refs.  1,2  does 
not  interpolate  the  control  functions  from  the  boundary,  but  rather  applies  the  orthogonality  on  each  successive 
surface  off  the  boundary  to  a  decaying  degree.  In  any  case,  it  is  important  to  have  good  control  over  the  extent  of 
the  orthogonality  from  the  boundary  since  different  configurations  and  different  applications,  e  g.  Euler,  Navier- 
Stokes,  call  for  different  extent  of  orthogonality  into  the  field.  Ref.  35  uses  the  biharmonie  equation,  which 
admits  an  additional  boundary  condition  that  can  be  used  for  boundary  ortho-gonality. 

Surface  Grids 

the  specification  of  the  boundary  point  distribution  is  a  two-dimensional  grid  problem  in  its  own  right,  which 
can  also  be  done  either  by  transfinite  interpolation  or  an  elliptic  generation  system.  In  general,  this  is  a  2D 
boundary  v  alue  problem  on  a  curv  ed  surface,  i.e.,  the  determination  of  the  locations  of  points  on  the  surface  from 
specified  distributions  of  points  on  the  four  edges  of  the  surface.  This  is  best  approached  through  the  use  of 
surface  parametric  coordinates  (cf.  Refs.  37,38,1-2,  and  14)  whereby  the  surface  is  first  defined  by  a  2D  array 
of  points,  e  g  a  set  of  cross-sections  The  surface  is  then  splined  (bi-cubic).  and  the  spline  coordinates  (surface 
parametric  coordinates)  are  then  made  the  dependent  variables  for  the  interpolation  or  the  elliptic  generation 
system  The  generation  of  the  surface  grid  can  then  be  accomplished  by  first  specifying  the  boundary  points  on 
the  four  edges  of  the  surface  grid,  converting  these  Cartesian  coordinate  values  to  parametric  coordinate  values 
on  the  edges,  then  determining  the  interior  values  of  the  parametric  coordinates  from  the  edge  values  by  the 
generation  system,  and  finally  converting  these  parametric  values  to  Cartesian  coordinates  The  surface  grid 
generation  system  can  operate  with  the  surface  parametric  coordinates  taken  as  arc  lengths  along  the  two  defining 
directions  on  the  surface,  but  this  has  the  disadvantage  of  requiring  a  search  to  locate  the  particular  spline  patch 
The  need  for  this  search  can  be  eliminated  by  taking  the  point  indices  on  the  surface  definition  as  the  surface 
parametric  coordinates. 


Point  Distributions 

The  starting  point  of  grid  generation  is  the  setting  of  a  point  distribution  on  a  curve,  and  this  can  be  done  by 
splming  the  set  of  points  defining  the  curve  and  then  placing  the  desired  number  of  points  on  the  spline  curve 
according  to  a  relative  arc  length  distribution  The  point  distribution  on  curves  is  probably  best  done  in  terms  of 
normalized  arc  length  using  the  hyperbolic  functions  that  have  been  shown  to  reduce  the  truncation  error  induced 
by  the  unequally  spaced  points  (Refs  39,40.  cf.  also  1,2,41).  These  functions  can  also  be  employed  as  the 
blending  functions  in  transfinite  interpolation  by  interpolating  normalized  arc-Dngth  distributions  from  the 
boundaries  (cf.  Refs  1,2)  Another  approach  to  point  distribution  is  that  based  on  exponential  functions,  with 
variable  exponents  or  with  exponents  of  exponents  for  additional  control  (cf  Refs.  42  and  3).  These  functions 
are  used  in  Ref  42  to  control  orthogonality  and  grid  overlap  as  well. 


C oordinate  systems  that  are  orthogonal,  or  at  least  nearly  orthogonal,  near  the  boundary  make  the  application 
of  boundary  conditions  more  straightforward.  Although  strict  orthogonality  is  not  necessary,  the  accuracy  dete¬ 
riorates  if  the  departure  from  orthogonality  is  too  large  The  implementation  of  algebraic  turbulence  models  is 
more  reliable  with  near-orthogonality  at  the  boundary,  since  information  on  local  boundary  normals  is  usually 
required  in  such  models  The  formvilation  of  boundary-layer  equations  is  also  more  straightforward  and  unambi¬ 
guous  in  such  systems.  It  is  thus  better  in  general,  other  considerations  being  equal,  for  grid  lines  to  be  nearly 
normal  to  boundaries 

Construction 

The  construction  of  a  block  grid  normally  begins  with  the  specification  of  the  four  edges  of  a  logically-rectan- 
gular  surface  patch.  These  edges  are  either  defined  directly  as  space  curves  or  as  parametric  curves  on  a  splined 
curved  surface  The  surface  grid  on  the  patch  then  is  generated  by  either  transfinite  interpolation  or  from  the 
elliptic  system.  In  the  case  of  generation  on  a  curved  surface,  the  interpolation  or  the  elliptic  solution  is  done  in 
terms  of  the  parametric  coordinates,  after  which  the  Cartesian  coordinates  are  recovered  from  the  splined 
surface.  The  surface  grid  generation  may  itself  be  done  in  a  block  format,  with  complete  continuity  across  the 
patch  interfaces  When  surface  grids  have  been  generated  on  all  six  sides  of  each  block,  the  3D  grid  in  the  block 
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is  generated  by  transfinite  interpolation  or  from  the  elliptic  system,  taking  account  of  continuity  connections 
across  the  interfaces. 

The  composite-block  grid  construction  thus  basically  involves  the  generation  of  block  edges,  then  faces,  and 
finally  volumes.  The  six  faces  bound  the  volume,  and  four  edges  bound  a  face.  The  edge  generation  is  simply  the 
placing  of  a  point  distribution  on  a  curve,  which  may  either  be  defined  and  then  splined,  or  may  be  constructed 
geometrically.  Definition  may  be  by  input  cross-sections,  plane-patch  intersections  (Ref.  35),  by  a  curve  gener¬ 
ated  parametrically  on  a  specified  spline  curved  surface  (cf.  Refs.  1 ,2),  or  by  other  means.  With  the  four  edges  in 
place,  the  face  can  be  generated  as  a  defined  surface  or  may  be  constructed  in  free  form.  With  a  defined  surface, 
the  generation  can  be  done  in  terms  of  surface  parametric  coordinates  on  the  splined  defined  surface  by  transfi¬ 
nite  interpolation  or  by  an  elliptic  system  (Refs.  1,2,38).  The  use  of  surface  parametric  coordinates  allows 
general  surfaces  to  be  treated.  By  contrast,  the  use  of  projection  onto  planes,  or  the  use  of  a  functional  relation¬ 
ship  for  one  Cartesian  coordinate  in  terms  of  the  other  two,  restricts  the  generality  and  requires  the  provision  for 
rotations  to  put  the  surface  in  an  orientation  that  can  be  treated.  Therefore  generation  in  terms  of  surface 
parametric  coordinates  is  the  preferred  method  of  surface  grid  generation. 

Surface  definition  is  a  significant  problem  in  itself.  Some  approaches  are  the  various  forms  of  patching,  e  g. 
Coon's  patches  (cf.  Ref.  41),  B-spline  patches  (Ref.  43).  and  transfinite  interpolation  (cf.  Refs.  1,2,31).  Assem¬ 
blies  of  cross-sections  are  also  used,  either  input  directly  (cf.  Refs.  44,45)  or  formed  as  plane-patch  intersections 
(Ref.  35).  Considerable  effort  is  now  being  directed  at  surface  definition  for  grid  generation  directly  from  CAD 
constructions  (cf.  Ref.  8). 

Surface  intersections  can  be  done  by  splining  the  intersected  surface,  and  one  family  of  lines  on  the  intersect¬ 
ing  surface,  and  then  using  a  three-variable  Newton  iteration  to  determine  the  intersection  curve  (cf.  Refs  1,7,38, 
and  41). 

The  collapse  of  block  faces  into  lines  or  even  points  greatly  increases  the  generality  of  the  composite-block 
structured  grids,  and  such  degenerate  faces  do  not  require  any  special  treatment  in  finite  volume  flow  codes. 
This  feature  is  probably  employed  in  most  codes,  and  Refs.  1,2,4,11,  and  13  are  representative.  This  face 
collapse  also  allows  axis  singularities  to  be  included.  Ref.  46  introduces  a  bifurcation  singularity  for  a  branching 
pipe  that  allows  the  use  of  a  cylindrical-type  grid  in  the  branched  system. 


The  man-time  involved  in  grid  generation  is  being  greatly  reduced  by  graphical  user  interfaces  whereby  the 
user  operates  the  code  and  constructs  the  grid  piece-by-piece  on  the  workstation.  To  be  really  effective,  how¬ 
ever.  the  interface  must  build  a  file  of  input  commands  which  can  be  subsequently  edited  or  submitted  again  to 
reproduce  the  grid  Otherwise,  the  user  must  start  again  from  the  beginning,  and  although  the  grid  is  saved,  the 
construction  process  is  not.  It  is  really  the  construction  process  that  must  be  saved,  since  the  process  can  be  quite 
lengthy  and  will  undoubtedly  be  useful  again  when  modified  or  when  used  as  the  basis  for  yet  another  problem 

The  interface  must  have  some  mechanism  for  identifying  important  points,  curves,  surfaces  and  spacings.  and 
some  means  of  incorporating  these  in  the  saved  construction  process  that  will  allow  changes  in  the  number  of 
points  or  spacing  on  a  segment,  or  the  position  of  a  segment,  to  be  automatically  propagated  throughout  the 
const!  uction  process 

A  complete  grid  package  will  contain  a  front-end  boundary  code  to  prepare  the  boundary  segments  for  the 
end  code  This  front-end  code  rruv  be  an  interface  from  a  CAD-CAM  system,  or  may  be  a  curve  and  surface 
construction  mechanism  in  itself  The  detmition  of  boundary  geometry  for  real  configurations  continues  to  be  a 
significant  problem  It  should  be  noted  that  many  solid  modelers  are  meant  to  produce  surfaces,  not  to  reproduce 
existing  surfaces  with  exactitude 

Considerable  effort  is  now  being  directed  at  the  development  of  efficient  and  effective  interactive  interfaces 
for  grid  generation  systems,  in  order  to  reduce  the  still  considerable  man-time  required  for  grid  generation  for 
complex  configurations.  Interfaces  for  surface  construction  are  included  in  Refs.  8.43,  and  47  Ref.  18  includes 
an  interface  from  I’ATRAN.  and  Ref.  48  redefines  a  grid  algebraically  in  terms  of  control  points  which  can  then 
be  interactively  moved  to  aiter  the  grid.  Ref.  49  notes  a  general  interface  system  that  has  been  attached  to  several 
general  composite-block  grid  codes,  in  particular  those  of  Refs  1,2.  and  the  2D  form  of  Ref.  5  A  number  of 
other  user  interfaces  have  also  been  reported,  cf.  Refs.  7,9,16,20-25.  and  50,  clearly  indicative  of  the  importance 
ascribed  to  interactive  graphical  interfaces  to  grid  generation. 

Of  particular  importance  is  the  addition  of  automatic  topology  generation  for  the  construction  of  the  block 
structure  Refs  10  and  11  use  a  graphically-interactivc  interface  with  topology  defined  by  basic  slits  in  the 
computational  field  corresponding  to  the  various  components  of  the  phvsical  boundary.  A  similar  approach  is 
taken  in  Ref.  1 3,  but  with  the  inclusion  of  a  hypercube  topology  generation  to  form  the  composite-block  structure 
These  systems  allow  various  block  topologies  to  be  included  by  providing  for  block  faces  to  be  collapsed  to  lines 
or  even  points  Considerable  interest  is  being  expressed  in  the  use  of  artificial  intelligence  to  form  the  block 
structure,  but  only  Ref  51  reports  any  working  system,  and  that  is  in  2D. 

Parallel  Processors 

Interest  is  naturally  developing  in  applications  of  grid  generation  on  parallel  processors  since  the  composite- 
block  structure  forms  a  natural  domain  decomposition  within  which  the  various  blocks  can  be  assigned  to  differ¬ 
ence  processors,  or  can  be  treated  as  different  computing  objects.  Ref.  34  reports  such  an  application  on  a  shared 
memory  system  of  an  elliptic  generation  system  using  the  surrounding  layer  of  points  for  complete  continuity 


4.  ADAPTIVE  GRID  SCHEMES 

Finally,  dynamically-adaptive  grids  continually  adapt  to  follow  developing  gradients  in  the  physical  solution. 
This  adaption  can  reduce  the  oscillations  associated  with  inadequate  resolution  of  large  gradients,  allowing 
sharper  shocks  and  better  representation  of  boundary  layers  Another  advantageous  feature  is  the  fact  that  in  the 
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viscous  regions  where  real  diffusion  effects  must  not  be  swamped,  the  numerical  dissipation  from  upwind  biasing 
is  reduced  by  the  adaption.  Dynamic  adaption  is  at  the  frontier  of  numerical  grid  generation  and  may  well  prove 
to  be  one  of  its  most  important  aspects,  along  with  the  treatment  of  real  three-dimensional  configurations  through 
the  composite  grid  structure. 

Adaptive  Strategies 

There  are  three  basic  strategies  that  may  be  employed  in  dynamically  adaptive  grids  (cf.  Ref.  52)  coupled  with 
the  partial  differential  equations  of  the  physical  problem.  Combinations  are  also  possible,  of  course: 

(1)  Redistribution  of  a  fixed  number  of  points. 

In  this  approach,  points  are  moved  from  regions  of  a  relatively  small  error  or  solution  gradient  to  regions  of 
large  error  or  gradient.  As  long  as  the  redistribution  of  points  does  not  seriously  deplete  the  number  of  points 
in  other  regions  of  possible  significant  gradients,  this  is  a  viable  approach.  The  increase  in  spacing  that  must 
occur  somewhere  is  not  of  pract;cal  consequence  if  it  occurs  in  regions  of  small  error  or  gradient,  even  though 
in  a  formal  mathematical  sense  the  global  approximation  is  not  improved.  The  redistribution  approach  has 
the  advantage  of  not  increasing  the  computer  time  and  storage  during  the  solution,  and  of  being  straightfor¬ 
ward  in  coding  and  data  structure.  The  disadvantages  are  the  possible  deleterious  depletion  of  points  in 
certain  regions,  and  the  possibility  of  the  grid  becoming  too  skewed. 

(2)  Local  refinement  of  a  fixed  set  of  points. 

In  this  approach,  points  are  added  (or  removed)  locally  in  a  fixed  point  structure  in  regions  of  relatively  large 
error  or  solution  gradient.  Here  there  is,  of  course,  no  depletion  of  points  in  other  regions  and  therefore  no 
formal  increase  of  error  occurs.  Since  the  error  is  locally  reduced  in  the  area  of  refinement,  the  global  error 
does  formally  decrease.  The  practical  advantage  of  this  approach  is  that  the  original  point  structure  is  pre¬ 
served.  The  disadvantages  are  that  the  computer  time  and  storage  increase  with  the  refinement,  and  that  the 
coding  and  data  structure  are  difficult,  especially  for  implicit  flow  solvers. 

(3)  Local  increase  in  algorithm  order. 

In  this  approach,  the  solution  method  is  changed  locally  to  a  higher-order  approximation  in  regions  of  rela¬ 
tively  large  error  or  solution  gradient  without  changing  the  point  distribution.  This  again  increases  the  formal 
global  accuracy,  since  a  local  increase  is  achieved  without  an  attendant  decrease  in  formal  accuracy  else¬ 
where.  The  advantage  is  that  the  point  distribution  is  not  changed  at  all.  The  disadvantage  is  the  great 
complexity  of  implementation  in  implicit  flow  solvers.  This  adaptive  approach  has  not  had  any  significant 
application  in  CFD  in  multiple  dimensions. 

Redistribution 

Adaptive  redistribution  of  points  traces  its  roots  to  the  principle  of  equidistribution  of  error  by  which  a  point 
distribution  is  set  so  as  to  make  the  product  of  the  spacing  and  a  weight  function  constant  over  all  the  points.  A 
competitive  enhancement  of  grid  smoothness,  orthogonality,  and  concentration  can  be  accomplished  by  repre¬ 
senting  each  of  these  features  by  integral  measures  over  the  grid,  and  minimizing  a  weighted  average  of  the  three. 
The  one-dimensional  form  of  this  leads,  in  fact,  to  the  equidistribution  principle.  A  second  approach  is  to  note 
the  correspondence  between  the  equidistribution  principle  and  the  one-dimensional  form  of  the  commonly-used 
elliptic  grid  generation  system  This  leads  to  a  connection  between  the  control  functions  in  the  elliptic  system  and 
the  derivatives  of  the  weight  function.  This  control  function  adaptive  approach  has  the  significant  advantage  of 
being  based  on  the  same  elliptic  generation  equations  that  are  in  common  use  in  grid  generation  codes,  and  the 
adaptive  control  functions  can  be  added  to  those  already  evaluated  from  the  configuration  geometry. 

Recent  applications  of  the  variational  form  of  adaptation  are  given  in  Refs.  53-55,  but  none  of  these  use 
partial  differential  equations  The  last  of  these  bases  the  formulation  on  principles  of  continuum  mechanics. 

The  control  function  form  of  grid  adaptation  is  used  in  Ref.  56  for  a  general  composite-block  structure. 
Other  applications  appear  in  Refs.  57-60.  A  block-structured  adaptive  grid  is  also  given  in  Ref.  61,  but  with 
adaptation  to  follow  streamlines. 

One-dimensional  adaptation,  generally  applied  in  alternating  directions  in  multiple  dimensions,  is  used  in 
Refs.  62-64.  Here  both  tension  and  torsion  spring  analogies  are  used  to  control  both  the  grid  concentration  and 
skewness. 

Refinement 

The  addition  of  points  cun  be  used  with  structured  quadralateral  grids,  as  well  as  with  unstructured  grids,  and 
Refs.  65  and  66  are  recent  examples.  The  latter  reference  compared  grid  refinement  and  redistribution,  finding 
little  difference  in  the  2D  transonic  Euler  solution  considered. 

Other  Approaches 

Adaptation  is  included  in  a  hypberbolic  generation  system  in  Ref.  67,  and  in  a  parabolic  system  in  Ref.  59. 
Finally,  new  approaches  to  grid  adaptation  are  given  in  Refs.  68  and  69,  the  former  based  on  harmonic  maps  and 
the  latter  on  parametric  mapping  on  a  surface. 

5.  CONCLUSION 

Among  the  advantages  to  be  cited  for  the  composite  grid  approach  are  the  following: 

(1)  ease  of  treatment  of  complex  configurations. 

12)  capability  for  local  refinement  and  modification. 

3)  reduced  core  storage. 

4)  natural  use  of  different  flow  equations  in  different  regions. 

5)  grid  singularities  can  be  placed  on  block  boundaries. 


A  second  point  is  that  because  of  the  emphasis  on  composite  grids,  the  tasks  of  subdividing  the  grids,  generat¬ 
ing  surface  grids,  and  providing  interfaces  have  become  more  time  consuming  and  critical  than  the  task  of 
generating  the  interior  nds.  The  papers  on  composite  grids  in  Refs.  70  and  71  either  strongly  hint  at,  or  explicitly 
note,  that  how  a  grid  -■  juld  be  subdivided  depends  on  the  geometry,  the  numerical  algorithm  used,  the  flow 
features,  etc.  So,  given  a  limited  computer  resource,  the  sub-grids  of  a  composite  grid  must  be  selected  with 
care.  This  implies  a  learning  process  and  a  need  for  human  interaction.  Like  geometry  definition,  the  tasks  of 
subgriding,  interfacing,  and  surface  grid  definition  are  being  assigned  to  interactive  workstations.  Various  levels 
of  sophistication  in  treating  these  problems  in  this  way  are  evident  in  the  papers.  What  is  strongly  implied  is  that 
these  are  not  simple  tasks  or  ones  for  which  off-the-shelf  software  is  available.  This  is  evidently  a  pacing  area  of 
research  in  complex  grid  generation. 

Surface  grid  generation  is  seen  to  have  a  dominant  effect  on  the  quality  of  the  volume  grid,  to  be  very  time- 
consuming,  and  to  be  in  considerable  need  of  improvement  in  regard  to  the  specification  of  boundary  data  sets 
and  the  interactive  manipulation  thereof.  Surface  definition  continues  to  be  a  pacing  problem.  There  is  a  feeling 
that  more  emphasis  should  be  put  on  the  development  of  CAD  geometry  tools  especially  suited  to  the  needs  of 
CFD. 

The  topological  definition  of  the  block  structure  is  seen  to  require  considerable  experience  and  to  be  difficult 
to  teach.  There  is  need  for  automation  of  this  process,  perhaps  through  the  use  of  artificial  intelligence  or  other 
means. 

The  critical  need  for  graphical  interaction,  especially  in  regard  to  surface  grid  generation,  block  definition, 
and  grid  control  is  evident.  Codes  should  have  an  efficient  and  effective  user  interface  with  error-checking  and 
on-line  instruction.  The  process  of  grid  generation  for  complex  configurations  still  requires  too  large  an  amount 
of  man-time. 
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ABSTRACT 

An  algebraic  technique  for  generating  block-structured  grids  of  arbitrary  topology  is  des¬ 
cribed.  The  method  is  based  on  a  macro-block  concept  which  allows  the  usage  of  large  blocks 
with  partial  block  boundary  interfacing.  Various  spline  procedures  are  used  for  curve  gene¬ 
ration  and  for  constrained  surface  grids  whereas  all  unconstrained  surfaces  and  volumes  are 
gridded  by  transfinite  interpolation.  Instead  of  using  derivative  information  to  control 
the  grid  in  each  block  the  present  method  is  based  on  the  idea  of  generating  as  many  inte¬ 
rior  guiding  surfaces  as  required  for  grid  control  and  gridding  each  resulting  sub-block 
independently  of  other  sub-blocks.  The  resulting  metric  discontinuities,  both  inside  blocks 
and  between  blocks,  are  sm.  jthed  either  by  a  local  algebraic  smoothing  procedure  or  by  a 
global  elliptic  type  smoothing  procedure  or  combinations  of  both.  The  complete  method  has 
been  coded  in  a  highly  modular  way  and  includes  all  graphics  routines.  Several  3-D  multi¬ 
block  grid  examples  are  presented  and  discussed. 


INTRODUCTION 

In  recent  years  a  number  of  general  purpose  computer  codes  for  the  generation  of  3D  multi¬ 
block  structured  grids  with  arbitrary  topologies  have  been  presented  in  the  literature  '  '  '  • 
Although  much  work  evidently  has  been  spent  on  making  these  codes  as  easy  to  use  as  possi¬ 
ble,  the  problem  of  automating  various  features  such  as  the  block-structuring  process  for 
arbritrary  geometries  is  still  unsolved.  Since  a  satisfactory  solution  to  these  automation 
problems  seems  to  be  several  years  ahead  in  time,  it  is  fair  to  say  that  the  existing  grid 
codes  are  really  tools  with  which  the  experienced  user  generates  whatever  grid  he  can  envi¬ 
sion  and  is  able  to  create.  In  other  words,  the  user's  experience  and  skills  with  any  given 
grid  generation  tool  are  just  as  important  as  the  actual  tool.  The  tools  may  differ  in  terms 
of  how  quickly  the  average  user  learns  to  use  them  satisfactorily  or  in  terms  of  what  the 
experienced  user  can  accomplish  with  them,  but  in  all  cases  the  end  result  depends  to  a 
large  extent  on  the  user's  skills,  motivation,  experience,  knowledge  of  the  overall  problem, 
etc.  It  seems  unlikely  that  this  situation  will  change  significantly  in  the  near  future. 

The  purpose  of  this  paper  is  to  present  the  authors'  own  version  of  a  3D  multi-block  grid  code 
(G3DMESH)  and  to  demonstrate  some  of  its  capabilities.  It  is  similar  to  other  such  codes 
in  that  it  is  essentially  a  grid  generation  tool .  In  fact,  it  is  more  like  a  toolbox  with 
all  the  tools  necessary  for  defining  block  structure,  generating  grid  curves,  grid  surfaces, 
grid  volumes,  exercise  grid  smoothing,  metric  checking,  graphics,  block  redefinition,  disc 
storage,  etc.  Although  some  features  of  the  code  are  based  directly  on  the  first  author's 
previous  work  in  this  area56,7,  many  new  features  are  also  included.  In  the  following  para¬ 
graphs  we  first  outline  the  overall  method,  then  give  some  grid  examples,  and  finally  some 
concluding  remarks. 


OUTLINE  OF  METHOD 


Block  structure 

The  present  multi-block  grid  generation  scheme  is  based  on  a  "macro-block"  concept  in  which 
block  sizes  are  not  constrained  by  block  interfacing.  This  feature  is  achieved  by  allowing 
"partial  boundary  interfacing",  i.e.  any  part  of  one  block  boundary  may  be  connected  to  any 
compatible  part  of  another  block  boundary.  In  most  applications  this  flexibility  allows  the 
user  to  define  much  fewer  and  larger  blocks  than  would  be  the  case  with  "complete  boundary 
interfacing".  An  illustration  of  this  effect  is  given  by  a  2D  example,  a  C-type  grid  around 
two  airfoils  (Fig  1).  Here  it  is  seen  that  with  complete  boundary  interfacing  a  minimum  of 
16  blocks  is  required  whereas  only  3  blocks  are  needed  when  partial  boundary  interfacing  is 
allowed.  This  difference  is  even  more  pronounced  in  3D  applications. 

The  advantages  of  the  macro-block  approach  are  obvious,  not  only  for  the  grid  generation 
phase  itself  but  also  for  the  equation  solution  phase.  There  are  fewer  blocks  to  keep  track 
of,  a  smaller  number  of  interfaces  to  be  defined,  less  boundary  overhead  and  more  efficient 
vectorization  in  the  equation  solver.  A  potential  disadvantage  of  the  macro-block  approach 
is  the  fact  that  partial  boundary  interfacing  is  slightly  more  complex  than  complete  boun- 
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dary  interfacing.  However,  in  the  present  method  a  very  efficient  partial  boundary  inter¬ 
face  scheme  has  been  devised,  both  for  the  grid  generation  code  and  for  the  equation  sol¬ 
ver,  which  effectively  solves  this  problem.  Each  interface  is  defined  by  two  sets  of  data, 
one  for  each  side  of  the  interface.  These  data  sets  consist  of  eight  integers;  four  inte¬ 
gers  to  define  a  reference  corner  point,  two  integers  to  define  two  directions  and  two 
integers  to  define  two  dimensions  (Fig  2) .  In  special  interface  routines  this  data  is  used 
to  set  up  a  complete  mapping  between  the  reference  grid  system  and  a  local  interface  grid 
system  which  spans  across  the  interface  in  question.  Any  operation  which  needs  to  be  car¬ 
ried  across  the  interface  is  easily  done  so  using  this  mapping. 

Grid  generation 

The  present  grid  generation  procedure  is  based  on  the  idea  of  "piece  by  piece"  building  of 
the  desired  grid  blocks6,7 ,  That  is,  each  grid  block  may  be  built  up  in  several  steps  where 
each  step  constitutes  a  specific  operation  such  as  curve  generation,  surface  generation, 
volume  generation,  etc.  The  tools  which  perform  these  operations  are  completely  general 
and  may  be  applied  to  any  grid  block  or  part  of  a  grid  block.  In  other  words,  grid  curves 
and  grid  surfaces  can  be  defined  in  the  interior  of  a  block  as  well  as  on  its  boundaries. 
This  feature  is  very  useful  since  it  allows  the  user  to  introduce  any  desired  grid  control 
in  each  block. 

Constrained  grid  curves  are  here  generated  using  cubic  spline  interpolation  whereas  uncon¬ 
strained  curves  are  usually  generated  by  two-point  splines  with  optional  direction  control 
at  the  end  points.  As  mentioned  above  a  grid  curve  can  be  defined  in  any  desired  location 
in  any  desired  block. 

Constrained  surface  grids  can  either  be  defined  using  bicubic  spline  interpolation  or  else 
read  from  external  files.  The  latter  option  is  often  used  for  more  complex  geometries  where 
intersections  between  various  independently  defined  surfaces  must  first  be  determined.  In 
the  present  version  of  G3DMESH  there  are  no  such  CAD/CAM  tools  included.  Unconstrained  sur¬ 
face  grids  are  generated  either  as  multiple  curves  or  by  transfinite  interpolation,  depen¬ 
ding  on  whether  two  or  four  boundary  curves  are  defined.  In  the  latter  case  arc-length 
weighted  blending  functions7  are  used  for  optimal  results.  No  derivative  information  is 
used  in  the  present  version,  i.e.  only  the  bounding  curves  are  used  in  the  transfinite 
interpolation  procedure. 

Volume  grids  (fully  defined  blocks  or  sub-blocks)  are  here  generated  by  transfinite  inter¬ 
polation,  again  using  arc-length  weighted  blending  functions.  Two  different  options  are 
implemented,  one  for  the  case  when  only  four  bounding  surfaces  are  defined  and  one  for  the 
case  when  all  six  bounding  surfaces  are  defined.  As  in  the  surface  generation  case  no  deri¬ 
vative  information  is  used  in  the  transfinite  interpolation  procedure,  only  the  grid  points 
of  the  bounding  surfaces.  At  first  sight  this  might  be  seen  as  a  severe  limitation  since 
the  use  of  derivative  data  is  a  very  effective  way  of  controlling  the  grid5.  However,  the 
possibility  of  generating  interior  grid  surfaces  in  any  desired  block  and  applying  the  vol¬ 
ume  grid  generator  in  between  these  guiding  surfaces  makes  the  present  approach  just  as 
powerful  as  any  method  using  derivative  data. 

Grid  smoothing 

Due  to  the  "piece  by  piece"  building  of  the  complete  grid  system  there  will  in  general  be 
several  metric  discontinuities,  both  inside  blocks  and  between  blocks.  If  the  psysical 
boundaries  have  metric  discontinuities  such  as  edges  or  corners  these  will  also  spread 
into  the  domain.  This  situation  is  usually  unacceptable,  at  least  for  finite-difference  or 
finite-volume  equation  solvers,  and  some  smoothing  has  to  be  applied  to  these  metric  dis¬ 
continuities.  In  the  present  method  there  are  two  alternative  "tools"  for  grid  smoothing; 
a  local  algebraic  smoother  and  a  global  elliptic  type  smoother.  The  local  smoother  is  a 
one-step  projection  type  procedure  based  on  transfinite  interpolation  with  cubic  blending 
functions  in  the  direction  normal  to  the  discontinuity7.  It  is  a  computationally  efficient 
smoother  which  is  easy  to  apply  for  "concentrated"  metric  discontinuities,  i.e.  disconti¬ 
nuities  that  are  confined  to  certain  grid  surfaces  or  block  boundaries.  A  disadvantage 
with  this  smoother  is  that  the  user  has  to  specify  the  region  where  it  is  to  be  activated, 
but  the  great  advantage  with  it  is  the  fact  that  it  is  entirely  local  and  thus  does  not 
alter  anything  outside  the  active  region. 

The  other  grid  smoother  is,  as  was  mentioned  above,  a  global  elliptic  type  smoother.  It  is 
based  on  the  standard  spatial  operator  used  for  elliptic  grid  generation® 
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where  the  locally  determined  relaxation  parameter  is  chosen  such  that  high  spatial  fre¬ 
quencies  are  damped  as  quickly  as  possible.  The  purpose  of  this  procedure  is  not  to  try 
to  solve  the  nonlinear  elliptic  equations,  only  to  take  enough  iteration  steps  to  damp 
out  metric  discontinuities.  In  the  present  version  no  source  terms  are  used  which  means 
that  usually  about  20  steps  can  be  taken  before  undesirable  changes  in  the  grid  begin  to 
appear.  However,  in  all  cases  tried  so  far  this  has  been  more  than  sufficient  to  eliminate 
all  visible  discontinuities.  This  smoother  is  simpler  to  apply  than  the  local  one  (only 
the  block  interfacing  data  is  needed)  and  has  the  additional  advantage  that  it  usually 
corrects  any  local  grid  inversions  that  may  have  been  created  in  earlier  stages.  However, 
it  is  not  as  computationally  efficient  as  the  local  smoother. 

Additional  features 


There  are  of  course  many  additional  "tools”  in  the  G3DMESH  grid  code.  For  example,  there 
are  checkinq  routines  which  "measure"  various  quantities  such  as  cell  volumes,  grid  spa- 
cings,  directions,  etc.  Several  graphics  routines  are  available,  both  for  plotting  curves 
and  surfaces  with  any  desired  viewing  angles.  Special  routines  are  also  included  with 
which  the  user  can  duplicate  curves/surfaces  and  translate/rotate  them  in  any  desired 
manner.  Block  interfaces  with  periodicity  conditions  are  also  included  so  that  grids  for 
turbomachinery  applications  car.  be  generated.  One  of  the  latest  additions  to  the  code  is 
a  "reblocking"  option,  i.e.  a  possibility  of  changing  the  block  structure  for  a  given  grid 
system.  Since  most  grid  systems  have  non-unique  block  structure  (at  least  in  the  macro¬ 
block  case)  it  is  often  advantageous  to  use  one  block  structure  for  the  grid  generation 
phase  and  another  one  for  the  equation  solution  phase.  A  2D  example  which  demonstrates 
this  is  shown  in  Fig  3;  a  C-type  grid  around  an  airfoil/flap  combination.  A  five-block 
grid  is  the  natural  choice  for  generating  the  grid  (with  the  present  method,  not  necess¬ 
arily  with  other  grid  codes)  whereas  a  three-block  grid  is  more  natural  for  the  flow  sol¬ 
ver  (at  least  for  the  authors'  flow  solver). 

Code  structure 


The  grid  code  G3DMESH  is  built  around  a  global  data  base  containing  the  block  structure 
and  grid  points.  All  arrays  are  one-dimensional  and  a  pointer  system  is  used  to  convert 
between  block  mode  addressing  (which  is  all  the  user  needs  to  worry  about)  and  sequential 
mode  addressing  cf  grid  points.  Each  function  or  cool  which  the  user  can  call  upon  con¬ 
sists  of  a  subroutine  which  accepts  certain  input  from  the  user  and  in  return  works  upon 
the  data  base  and  performs  whatever  task  it  is  designed  for.  This  highly  modular  code 
structure  makes  it  easy  to  include  new  or  improved  subroutines  whenever  the  need  arises 
without  invalidating  the  old  functions. 


EXAMPLE  GRIDS 

The  present  grid  code,  G3DMESH ,  has  been  applied  to  a  number  of  different  cases  and  has 
turned  out  to  be  a  very  powerful  and  versatile  grid  generation  tool.  As  a  first  demonstra¬ 
tion  we  present  the  case  of  a  simple  wing-body  combination  (Fig  4).  Here  we  have  used  a 
two-llock  grid  which  is  of  O-type  around  the  fuselage  and  H-type  around  the  wing.  This 
grid  system  was  built  by  generating  four  interior  grid  surfaces  in  each  block  in  addition 
to  the  block  boundary  surfaces,  a  task  which  was  easily  and  quickly  done  by  using  the  curve 
generators  and  transfinite  surface  interpolators.  The  purpose  of  these  interior  surfaces 
was  to  control  the  grid  around  the  wing  in  terms  of  spacing  and  orthogonality.  A  concen¬ 
tration  at  the  leading  edge,  trailing  edge  and  tip  of  the  wing  was  desired  and  achieved 

through  this  technique.  In  this  case  only  the  local  algebraic  grid  smoother  was  used, 
mainly  to  demonstrate  that  it  is  possible  to  achieve  smooth  grids  with  purely  algebraic 
methods.  However,  the  global  elliptic  smoother  described  in  the  previous  section  performs 
equally  well,  with  less  input  data  but  with  more  CPU  time.  Typical  execution  times  when 
running  the  complete  session  file  from  start  to  finish  are  about  30  CPU-seconds  on  a  VAX 
8700  with  the  algebraic  smoother  and  about  5  CPU-minutes  with  the  elliptic  smoother. 

Next  we  present  two  more  "realistic"  cases;  the  proposed  HOTOL  aerospace  plane  and  an  old 
version  of  the  HERMES  reentry  vehicle  (Fig  5) .  The  same  type  of  two-block  grid  structure 

as  in  the  previous  case  was  used  for  the  HOTOL  geometry  whereas  a  single  block  grid  was 

used  for  the  HERMES  geometry.  Only  the  algebraic  smoother  was  applied  in  these  cases.  Flow 
solutions  (Euler  omputations )  have  been  obtained  on  these  grids,  using  our  own  multi¬ 
block  time-marchii  g  Euler  solver  G3DEUL,  and  various  aspects  of  the  computed  flow  fields 
such  as  shocks  and  total  pressure  loss  indicate  that  the  presented  grids  are  realistic  in 
terms  of  relative  spacings  and  orthogonality  at  surfaces.  An  item  which  may  be  of  interest 
in  this  context,  although  not  directly  grid  related,  is  the  performance  obtained  with  the 
Euler  code  on  this  type  of  macro-block  grid.  In  several  cases,  involving  single-block  grids 
up  to  six-block  grids  ana  grid  sizes  from  50000  to  150000  points,  the  multi-block  Runge- 
Kutta  cell-centered  f inite-volume  Euler  code  G3DEUL  has  achieved  about  25  *  10”°  CPU- 
seconds  /  grid  point  /  time  step  on  a  Cray  X-MP  computer  (single  processor  mode) .  This 
figure  is  only  about  30%  higher  than  that  for  the  corresponding  old  special  purpose  single¬ 
block  code.  We  feel  confident  that  this  relatively  small  overhead  is  due  to  the  macro¬ 
block  technique  and  the  efficient  partial  block  boundary  interfacing. 
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The  next  example  is  an  isolated  supersonic  intake  geometry  designed  for  a  free  stream  Mach 
number  of  2.75  (Fig  6).  The  reason  for  choosing  this  case  is  two-fold:  Firstly  the  flow  in 
the  near  vicinity  of  and  inside  the  intake  is  important  in  itself  and  a  good  grid  in  this 
area  is  always  desirable.  Secondly  the  interference  between  fuselage  /  wings  and  the  in¬ 
take  is  also  important  and  a  grid  structure  which  allows  the  gridding  of  the  complete  fuse¬ 
lage  /  wing  /  intake  geometry  is  thus  desirable.  The  grid  presented  here  was  primarily  de¬ 
signed  for  the  first  task  but  with  the  second  task  in  mind,  i.e.  it  is  compatible  with  such 
a  "total"  grid.  As  may  be  seen  in  the  grid  plot  the  interior  of  the  intake  is  gridded  as 
one  block  with  a  wedge-type  singularity  at  the  beginning  of  the  compression  ramp.  The  ex¬ 
terior  region  is  then  decomposed  into  three  blocks,  giving  an  H-type  grid.  Euler  computa¬ 
tions  verify  that  this  grid  structure  is  sound  and  gives  an  accurate  representation  of  the 
geometry . 

Finally,  we  present  a  more  complex  geometry;  a  schematic  wing  /  body  /  air  intake  combina¬ 
tion  (Fig  7) .  Although  not  very  realistic  in  terms  of  scale,  this  model  has  many  of  the 
features  of  a  real  world  fighter  aircraft.  The  supersonic  intake  with  boundary  layer  diver¬ 
ter  is  here  an  important  characteristic  which  the  grid  system  must  be  able  to  cope  with. 

We  have  here  chosen  a  12-block  grid  to  model  the  complete  geometry.  One  block  covers  the 
diverter  region  and  a  wedge-shaped  region  upstream  of  it,  another  block  covers  the  interior 
of  the  intake  (as  in  the  previous  case) ,  five  blocks  cover  the  near  region  around  the  fuse¬ 
lage  /  wings  /  intake  and  finally  another  five  blocks  cover  the  remaining  region  out  to  the 
outer  boundary.  Only  the  global  elliptic  smoothing  was  used  here  and  the  intersection  plots 
clearly  show  the  effects  of  the  smoothing  between  grid  blocks. 


CONCLUSIONS 

The  grid  examples  presented  in  this  paper  demonstrate  that  the  algebraic  method  described 
above  is  a  powerful  grid  generation  tool.  The  combination  of  a  user-controlled  "piece-by¬ 
piece"  building  approach,  transfinite  interpolation  and  local/global  grid  smoothing  proce¬ 
dures  makes  it  possible  to  input,  in  a  very  direct  and  easily  understood  manner,  any  degree 
of  grid  control  needed  and  to  smooth  out  any  metric  discontinuities,  inside  blocks  or  bet¬ 
ween  blocks.  A  highly  modular  code  structure  ensures  that  improved  or  new  functions  can 
be  added  to  the  code  without  invalidating  previous  functions.  The  generality  of  the  data 
basr  used  in  the  code  also  ensures  that  any  new  or  improved  future  techniques  can  be  easi¬ 
ly  implemented. 
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C-type  grid  around  two  airfoils 
using  the  macro-block  concept 
(partial  block  boundary  inter¬ 
facing)  . 


C-type  grid  around  two  airfoils 
using  the  micro-block  concept 
(complete  block  boundary  inter¬ 
facing)  . 


Fig  2 . 

Interface  data  which  defines  a  partial  block  boundary  interface. 
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-type  grid  around  airfoil/flap  geometry  Most  natural  block 
tructure  for  grid  generation 


Fig  3b 


Same  as  above  but  with  reblooked  grid  to  obtain  block  structure 
more  natural  for  flow  solution 


Tvo-block  grid  around  schematic  wing-body  geometry  Only  local 
algebraic  smoothing  used 


Single-block  grid  around 
the  HERMES  (old  version' 
reentry  vehicle 


Mach  contours  of  Euler 
solution  on  surface  and 
in  symmetry  plane  for 
freestream  Mach  number  2  0 
and  10  degrees  incidence 


1 - o  BLOCK-STRUCTURED  GRID  FOR  SUPERSONIC  INTAKE  GEOMETRY 


NO.  OF  BLOCKS:  4 


Fig  6 

Four-block  grid  around  and  inside  a  2D  supersonic  intake  Interior 
block  has  a  wedge-type  singularity  along  the  leading  edge  o t  the 
ramp  Outer  grid  blocks  are  compatible  with  a  total  grid  around 
complete  fuselage/wing/ intake 
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1  SUMMARY 

Techniques  and  applications  of  algebraic  grid  generation  are  described.  The  techniques  are  univariate  interpolations  and 
transfinite  assemblies  of  univariate  interpolations.  Because  algebraic  grid  generation  is  computationally  efficient,  the  use  of 
interactive  graphics  in  conjunction  with  the  techniques  is  advocated.  A  flexible  approach,  which  works  extremely  well  in  an 
interactive  environment,  called  the  Control  Point  Form  of  Algebraic  Grid  Generation  is  described.  The  applications 
discussed  are  three-dimensional  grids  constructed  about  airplane  and  submarine  configurations. 

2  INTRODUCTION 

The  numerical  solution  of  fluid  flow  problems  is  directly  dependent  on  the  discrete  representation  of  the  solution  domain. 
A  discrete  representation  is  called  a  grid  or  mesh,  and  the  term  grid  will  be  used  throughout  this  paper.  A  grid  is  a  set 
of  points  and  an  implied  rule  or  an  explicit  table  specifying  the  connectivity  of  the  points.  If  the  implied  rule  is  an  index 
system[l]  which  is  associated  with  the  computational  domain,  the  grid  is  said  to  be  structured,  and  the  neighboring  points 
of  a  given  point  are  implied  by  the  preceding  and  following  indices.  If  the  points  are  irregularly  distributed  over  the  solution 
domain,  and  there  is  no  rule  implying  which  points  are  neighbors,  then  the  grid  is  said  to  be  unstructured.  In  this  case,  a 
table  called  a  connectivity  table  must  be  created  to  specify  which  points  are  neighbors. 

A  numerical  solution  technique  for  the  governing  equations  does  not  have  a  preference  for  how  a  grid  is  generated,  but 
solution  software  must  be  developed  in  accordance  with  the  topology  of  the  solution  domain  and  the  structure  of  the  grid.  A 
grid  covering  a  solution  domain  can  consist  of  several  structured  blocks,  in  which  case,  the  connectivity  of  the  blocks  must  be 
specified.  If  the  grid  is  unstructured,  then  the  connectivity  of  the  individual  points  must  be  specified.  It  is  also  reasonable  that 
a  solution  domain  be  covered  by  a  combination  of  structured  and  unstructured  grids[2].  In  any  event,  it  is  quite  important 
for  the  accuracy  of  a  solution  that  there  is  an  adequate  number  of  grid  points  to  cover  the  solution  domain,  that  the  grid  is 
boundary-fitted,  and  that  the  grid  points  are  concentrated  in  regions  where  there  are  high  gradients  in  the  solution[3].  It  is 
also  important  that  the  spacing  between  points  varies  smoothly,  and  that  the  the  skewness  not  be  excessive[4]. 

Algebraic  grid  generation  techniques  are  interpolation  or  approximation  procedures  that  relate  a  computational  domain, 
which  is  a  rectangular  parallelepiped  (a  square  in  two  dimensions  and  a  box  in  three  dimensions),  to  an  arbitrarily-shaped 
physical  domain  with  corresponding  sides[3].  A  side  in  the  computational  domain  can  map  into  a  line  or  point  in  the 
physical  domain,  in  which  case,  a  singularity  occurs  in  the  mapping.  Singularities  do  not  pose  a  problem  to  finite-volume 
techniques[5],  which  dominate  current  solution  approaches  for  fluid  flow,  nor  do  singularities  affect  solution  techniques  that 
use  unstructured  grids.  The  interpolations  are  univariate  functions  of  the  individual  coordinates  in  the  computational  domain, 
which  are  combined  in  a  Boolean  sum  to  create  the  complete  transformation.  Often,  for  a  particular  application,  a  higher 
order  and  more  sophisticated  interpolation  is  used  in  one  coordinate  direction,  which  we  will  call  the  primary  coordinate 
direction;  and  low  order  interpolation,  such  as  linear  interpolation,  is  used  in  the  remaining  coordinate  directions. 

There  are  as  many  ways  to  generate  algebraic  grids  as  there  are  interpolation  methods.  It  is  impossible  to  cover  all 
methods,  but  general  characteristics  of  transfinite  assemblies  of  univariate  interpolation  are  briefly  reviewed.  A  newly- 
introduced  method  called  the  Control  Point  Form  of  Algebraic  Grid  Generation  is  described. 

Algebraic  grid  generation  methods  are  very  efficient  and  work  very  well  in  conjunction  with  interactive  computer  graphics. 
The  application  of  the  Two-Boundary  Technique  in  an  interactive  environment  is  discussed.  Also,  the  Control  Point 
Form  of  Algebraic  Grid  Generation  is  advocated  for  interactive  applications. 

Applications  of  algebraic  grid  generation  are  varied.  Herein,  we  present  applications  of  the  Two- Boundary  Technique, 
Control  Point  Form  of  Algebraic  Grid  Generation  and  Lagrangian  Interpolation  in  the  context  of  Transfinite 
Interpolation.  The  applications  are  three-dimensional  grids  about  airplane  and  submarine  configurations. 
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COMPUTATIONAL  DOMAIN 


PHYSICAL  DOMAIN 


Figure  1:  Transformation  Between  Computational  and  Physical  Domains 

3  TRANSFORMATIONS  AND  GRIDS 

Generally  speaking,  all  algebraic  grid  generation  techniques  can  be  thought  of  as  transformations  from  a  rectangular 
computational  domain  to  an  arbitrarily-shaped  physical  domain.  This  is  shown  schematically  in  Figure  1  and  as  a  general 
equation: 


x«,i»,0  = 


*(£.»?.  0 
v(i,v<Q 
z(tv,0 


0<{<  1,  o  <  ij  <  i,  o<c<  i. 

A  discrete  subset  of  the  vector- valued  function:  X(£,,  t);,  G)  is  a  structured  grid  for 


l  - 1  '  ^ 1  M  -1  ’  4  V  - 1  ’ 

where  t  =  1, 2, 3  •  ■  • ,  L.  j  =  1,2,3,---.  A/,  and  k  =  1, 2, 3, •  ■  • ,  N.  The  relationship  between  the  indices  i,  j,  and  k  and 
the  computational  coordinates  £,  t),  and  (  uniformly  discretize  the  computational  domain  and  imply  a  relationship  between 
discrete  neighboring  points.  The  transformation  to  the  physical  domain  produces  the  actual  grid  points,  and  the  relationship 
of  neighboring  grid  points  is  invarient  under  the  transformation. 


An  unstructured  grid  can  be  defined  on  the  computational  domain  by  subdividing  the  domain  into  triangles  in  two 
dimensions  and  tetrahedrons  in  three  dimensions.  A  tetrahedron  is  defined  by  four  points  and  has  four  fares.  The  t'h 
tetrahedron  is  denoted  by 


T.  =  |Fi,F„Fj.F4].1 

where  i  =  1,2,3....,/.  and  the  four  faces  are  each  defined  by  three  points 

Fji  =  X,,(£4,  tfr,  G )  , 

where  i  =  1, 2, 3,  •  ■  • ,  /,  _/  =  1, 2, 3, 4,  and  k  =  1, 2, 3,  A  table  must  be  created  such  that 


F„  4=  TABLE  =>  FJt 
«/«. 

If  the  computational  domain  is  discretized  in  an  unstructured  manner,  then  the  grid  points  in  the  physical  domain  have 
the  same  unstructured  relationship.  This  is  because  of  the  invariance  of  the  relation  between  points  under  the  transformation 
expressed  in  the  general  form  of  the  first  equation.  Thus,  algebraic  techniques  are  capable  of  producing  either  a  structured 
or  an  unstructured  grid. 

For  complex  physical  domains  where  structured  grids  are  employed,  it  is  most  often  necessary  to  create  many  blocks[l], 
where  each  block  has  the  general  form  of  Eq.  1.  In  this  case,  the  connectivity  of  the  blocks  must  be  specified.  That  is,  an 
explicit  table  is  generated  which  denotes  the  blocks  and  the  corresponding  grid  points  at  block  interfaces.  Two  approaches 
that  are  also  multi-block,  but  do  not  use  exact  grid  point  overlap  are;  the  Conservative  Interface  Approach[6]  and 
the  CHIMERA(7]  grid  scheme.  In  the  conservative  interface  approach,  grid  points  from  different  blocks  meet  at  common 
interface  surfaces  but  the  grid  points  do  not  coincide  (Fig.  2).  Variables  in  a  flow  solution  are  transferred  from  one  block 
to  another  in  such  a  manner  that  the  variables  are  conserved.  In  the  CHIMERA  scheme,  grid  blocks  overlap,  and  in  a  flow 
field  solution,  variables  are  simply  interpolated  from  one  block  to  another  without  assurance  of  a  conservation  property. 

The  primary  advantage  of  structured  grids  is  simplicity.  When  the  number  of  structured  grid  blocks  becomes  large,  the 
simplicity  is  lost.  In  order  to  maintain  simplicity  where  it  is  needed,  such  as  in  a  boundary  layer,  and  to  accommodate 
geometric  complexity,  it  is  likely  that  combinations  of  structured  and  unstructured  grids  will  prevail. 
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Figure  2:  Discontinuous  Grid  Interfaces 


4  TECHNIQUES 


The  interpolation  methodology  that  dominates  algebraic  grid  generation  is  called  transfinite  interpolation.  This  method¬ 
ology  was  first  described  for  grids  by  Gorden  and  Hall  [8],  and  the  advantage  is  that  it  provides  complete  conformity  to 
boundaries.  Transfinite  interpolation  has  since  been  described  many  times[l, 3,8,9).  However,  a  basic  description  is  included 
herein  so  that  specific  grid  generation  techniques  that  are  characterized  by  this  methodology  can  be  discussed. 

The  ingredients  of  transfinite  interpolation  are  univariate  interpolations  in  the  computational  coordinate  directions  defined 
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i  =  1,2, 3  =  1,2,  -.M,  Jt=  1,2,  ■••,1V, 
n  =  0, 1.  •  •  • ,  P  m  =  0,1,  •••.(?,  f  =  0,l,  •••,/?. 


where  D  is  a  derivative  operator.  The  tensor  products  are 
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The  commutativity  in  the  above  tensor  products  is  assumed  in  many  practical  situations,  but  in  general,  it  is  not  guaranteed! 
It  generally  depends  upon  the  commutativity  of  the  mixed  partial  derivatives.  For  the  grid  generation  techniques  that  tire 
characterized  by  transfinite  interpolation,  they  can  be  written  as  the  Boolean  sum 

x{f,^,c)  =  uev©w  = 
u  +  v  +  w-uv-  uw  -  vw  +  uvw. 

In  the  above  equations,  a"(f) and  7^(0  are  interpolation  functions  subject  to  6  function  conditions.  The  defining 
parameters  - — —  'in  the  equations  are  positions  (when  i  =  m  =  n  =  0)  and  partial  derivatives  (otherwise)  in 
the  physical  domain  which  are  user  specified.  In  this  definition,  the  implicit  assumption  is  that  coordinate  curves  are  to  be 
interpolated  along  with  their  derivatives.  This  occurs  through  a  network  of  intersecting  surfaces  that  must  be  specified.  By 
taking  derivatives  of  this  interpolation-theoretic  framework,  the  interpolation  functions,  then  specified,  will  have  an  effective 
meaning  only  for  derivatives  -  not  for  the  surfaces.  The  result  will  be  an  approximation  rather  than  an  interpolation. 

Under  the  umbrella  of  transfinite  interpolation,  there  are  many  possible  algebraic  grid  generation  techniques.  The  most 
successful  techniques,  however,  have  been  those  that  provide  adequate  orthogonality  control  and  grid  spacing  control  with 
acceptable  functional  complexity.  For  instance,  the  two-boundary  technique  described  by  Smith[10]  uses  Hermite  cubic 
interpolation  functions  in  one  coordinate  direction  between  two  opposing  boundary  surfaces.  In  the  two  remaining  coordinate 
directions,  linear  interpolation  between  opposing  boundaries  is  specified.  In  a  similar  philosophy,  Eriksson,  in  many  of  his 
applications  of  transfinite  interpolation^  1],  has  used  Lagrangian  interpolation  functions,  where  two,  three,  or  four  surfaces 
are  specified  in  each  coordinate  direction.  He  has  also  used  positions  and  derivatives  at  opposing  boundaries[9). 

A  popular  grid  generation  technique  is  the  multisurface  method  described  by  Eiseman[12-15],  It  is  a  very  flexible  univariate 
scheme  which  is  similar  to  Bezier  and  B-Spline  approximation  [16-17],  where  the  parameters  defining  a  curve  are  not  on  the 
curve.  In  the  latest  version  of  the  multi-surface  method,  the  blending  functions  a,(£),  0,(ti)  and  7t(()  are  nontrivial  only 
over  a  local  region.  This  means  that  the  position  parameters  inside  the  region  affect  the  grid  in  a  local  manner. 

Recently.  Eiseman  introduced  the  Control  Point  Form  of  Algebraic  Grid  Generation  (CPF)[18)  which  is  a  multiple 
variable  multi-surface  transformation.  In  this  approach,  a  sparse  grid,  denoted  by  q1Jk ,  is  first  generated.  q,,k  can  be  obtained 
quite  simply  by  a  transformation  defined  by  linear  interpolation  functions  in  the  transfinite  interpolation  methodology  which 
blends  specified  boundary  data  into  the  interior  region.  Alternatively,  it  can  be  obtained  by  attachment  to  any  given  grid, 
regardless  of  how  the  grid  was  generated.  Attachment  is  simply  the  process  by  which  control  points  are  placed  in  order  to 
essentially  reproduce  a  given  transformation  or  grid.  The  chosen  number  of  control  points  for  each  direction  is  dictated  solely 
by  the  amount  of  control  that  a  user  wishes  to  specify.  It  is  independent  of  the  chosen  number  of  grid  points. 

In  keeping  with  the  previous  notation  and  interpolation  structure,  the  univariate  multi-surface  transformations  in  the 
three  coordinate  directions  are 


£-S(0*x',*rL 

w  »£<"«<>  f  .  ■ 

where 

a"  =  0  for  ft  ^  0,  JJ"  =  0  for  m  ^  0,  =  0  for  i  £  0. 

In  this  situation,  it  is  the  coefficients  of  the  X  derivatives,  which  are  specified  to  interpolate  those  derivatives  at  successive 
stations  in  the  curvilinear  variables.  For  example,  in  the  first  equation,  the  specification  is  for  (£>a“)  rather  than  q".  It  is 
simply  the  derivative  which  gets  the  Krouecker  delta  condition  rather  than  the  function  o“.  In  formal  terms,  this  is  stated  as 

(Da°)(  £.  )  =  6,m,  (D#)(  r,m  )  =  «,„,  (Z>7.°){C,  )  =  «*.. 

Upon  integration  together  with  the  requirement  that  opposing  boundaries  are  precisely  adhered  to,  we  get  a  sequence  of 
intermediate  surfaces  for  each  direction  that  appear  in  the  form 

u (C.IJ.0  =  A,(»7,  C)  +  2>?({)[A1.1(,,.0  -  A, fa. 01, 

1=  I 

VK, TJ, C)  =  B, ((, O  +  £/3»(B,tl ({, 0  -  B, («, O], 


W((,t7,0  =  C,u,v)  +  E:(()tcltl((,-i)  -  Ct({,r,)]. 
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r 


where 


Q°  =  *■(€> 

'  ML) 

with 

</>,({)  =  j\Da^)da, 

’  MnM 

with 

9,(f])=  [{ D$)do , 

y>_  ^*(0 

*  ML) 

with 

V>*(0  =  f^iDiDda  , 

-..d  ..here  the  constructive  surfaces  are  related  to  the  grid  array  X  by 


flY 

Al(^o  =  xte.,,c)  +  5:^)^ 

m-l  oy 

B. (c,o  =  x(c^,o  +  5:  ^ 

OT) 

C. (On)  =  XK,.j,C.) +  !>«*)£ 

*T[  <?C 

More  details  on  this  process  can  be  found  in  Eiseman  [15]. 

The  primary  control  over  the  grid  is  exercised  by  the  prescription  of  the  surfaces  A, ,  B,  and  C, .  This  is  done  for  boundary 
conformity  and  for  the  shape  of  curves  connecting  opposing  boundaries.  The  specification  of  surfaces,  however,  requires  a 
substantial  amount  of  data,  and  accordingly,  there  is  the  problem  of  efficiently  creating  or  manipulating  them  for  the  purpose 
of  generating  grids.  This  problem  is  inherent  in  any  algebraic  technique  that  requires  data  in  addition  to  the  specification 
of  the  boundaries.  This  includes  the  specification  of  derivative  data  only  at  the  boundaries;  for  there,  a  vector  specification 
must  be  dealt  with  at  each  boundary  point  -  an  equivalent  problem  to  that  of  specifying  an  entire  surface. 


While  such  specifications  may  not  present  an  extreme  burden  in  unidirectional  techniques,  they  grow  substantially  with 
a  straight-forward  multivariate  assembly  represented  by  the  process  of  transfinite  interpolation.  This  burden  is  particularly 
accute  in  three  dimensions  where  the  specifications  are  for  surfaces  rather  than  for  curves  which  would  be  the  requirement 
in  two  dimensions.  In  the  straight-forward  assembly,  we  must  deal  with  the  art  of  constructing  surfaces  or  curves  in  each 
coordinate  direction  together  with  the  details  of  consistency  between  the  surface  or  curve  parameters  for  the  distinct  directions. 


To  overcome  the  burdensome  constraints  of  dealing  with  constructive  surfaces  or  curves  in  a  consistent  manner,  we  are 
lead  to  the  The  Control  Point  Form  of  Algebraic  Grid  Generation  (CPF).  The  central  idea  is  to  replace  the  surface 
or  curve  specifications  with  sparse  arrays  of  control  points  that  can  be  used  to  generate  the  required  surfaces  or  curves  with 
the  same  scheme  that  is  employed  between  surfaces.  Moreover,  a  control  point  array  is  used  to  generate  the  requisite  surface 
^  or  curve  data  in  all  directions.  This,  accordingly,  removed  the  need  to  deal  with  a  consistency  problem. 

t  In  our  discussion,  we  will  follow  the  development  in  Eiseman  [18],  but  will  depart  from  that  discourse  by  first  casting 

;  the  multisurface  transformation  in  a  surface  weighted  format  that  comes  from  a  minor  shuffle  of  terms.  For  the  {-direction 

construction,  we  have 

U(«.«J.0  =  [l-o?(0]  A,  fo.O  +  K(0-a5«)]A»(r,,0 

t 

+  M(0-«J(0]  A.(ij,o  +  •  •  •  +  q°  (?)Aitl(tj,  0, 

and  by  the  same  shuffle  we  get  the  parallel  expressions  for  the  q  and  C  directions  of  V  and  W  respectively.  Altogether,  we 
arrive  at  the  form 

U(C,U,0  =  £*(0*01.0. 

I*  1 

V({.|»,0=  EAWIMC.O. 

W«,1»,0 -EMOCitt.il), 

*-  I 


where 
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1  -  a°{£)  for  i  =1 

Q.(0  =  '  a?-i(0-»?(f)  for  i  =  2,. . .  ,L  • , 

.  a°(£)  for  i=L+l 

1  -ftO?)  for  j  =1 

*  /?_.(•»)- for:  =2,..,M 
[  ^(r?)  forj  -  M+1 

1  —  7°(0  for  k  =1 

7.(0  =•  7j-,(0-7j(0  for  i  =  2,. . .  ,N  . 

7«(C)  for  k  =  N  +  1 

In  this  format,  the  conditions  for  matching  the  faces  of  opposing  boundaries  are  expressed  by  the  pairs  of  equations: 

|  A,fo,0  =  X(6,IJ.0  | 

[  A^.^O  =  X«t,t7,C)  J 

f  B,({,0  =  XU.ij.,0  | 

1  =  XU,ij„.C)  I’ 

J  C,U.ij)  =  xu.ij.c,)  1 

1  =  xu.ij.Ci.)  J 

That  is.  one  pair  of  opposing  boundaries  is  matched  for  each  respective  and  (  directional  constructs  as  independently 
represented  by  U,  V  and  W. 

To  develop  the  CPF,  we  assume  that  there  is  a  sparse  array  of  control  points 

{q„,  :  t  =  1. 2 . L  +  1,  j  =  1.2 . A/  +  1,  it  =  1.2 . .V  +  1}. 

where  immediately  we  see  that  any  normal  sequence  of  control  points  can  be  used  to  generate  a  curve  which  connects  the 
first  and  last  control  points  of  the  sequence.  Those  curves  are  given  by 


MO  =  Y  n.(5)q„*. 


Mfi)  =  Y 

;  =  » 

c,j(0  -  Y  7»(C)q.,»- 

*  =  1 

By  using  these  curves,  however,  we  can  continue  and  generate  surfaces  which  match  control  points  at  their  corners.  These 
surfaces  are  given  bv 


A ,(p,0=  Y  Y  A^bJOq.,*. 


B.U.O  =YY  «.(07.(C)q.,.. 

•  =1  1 

c»(C'?)  =  Y  Y 


where  now  we  use  this  notation  also  for  the  end  condition  (t  =  1  or  L  +  1,  j  =  1  or  M  +  1,  k  =  1  or  ,V  +  1)  rather  than 
the  specifications  in  the  original  statement  of  the  multisurface  transformation.  The  multisurface  transformations  are  now- 
written  as 
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U({.|J,0  =  ol(C)X(C1,ij, c)  +  Ea,(()A,(r),U  -1-  a,., , (C)X«t , ij, C), 

«=2 

V({,|J,C)  =  A(«  IJ.,0  +  £ftOj)B,({,0  + 

W((,IJ,C)  =  7.  (C)X(£,  «?,<;,)  +  £xC)Ct  ({,«,)  +  7-.(f)X(e,ij,C.). 

k  =  2 

'  ■  uoiijft  ouly  the  ou^T.Cw  A,  ,  B,  or  Ct  k*  the  construction  of  the  mnltisurface  transfoi  illation,  we  get  a  transformation 
that  is  solely  determined  bv  the  control  points.  It  is  called  the  tensor  product  transformation  and  is  given  by 

t(€,7,c)  =  EEE«.(m(*(()v- 

*=  i  j=  i  fc  =  i 

This  determines  the  volume  grid  for  the  control  points.  By  inserting  it  into  the  the  multisurface  constructs  just  given,  we  get 

U(f.U,C)  =  T({,7,0  +  oi({)[X(€i,ij,C)  -  A1(ij,0]  +  altl(0[X(ft,7,0  -  At*,(i,.0]. 

V(C,7.C)  =  T(C,t?,C)  +  A(ij)[X(f.flI,C)-B1({,0]  +  ft,tl(i;)(X(f.»,Ml 0  -  Bu  +  , (€,<)]. 

W((,-),0  =  T(^,7.C)  +  7. (C)Pttt. •».<•)  -  +  7»«,(0[X(f.» ?.G)  -  C^.foi,)]. 

This  form  is  particularly  instructive  since  we  can  now  explicitly  view  the  issue  of  boundary  conformity  in  each  direction  as 
being  controlled  by  an  adjustment  term  for  each  face  of  a  cube.  That  adjustment  represents  the  deviation  from  a  pure  control 
point  representation  to  one  of  an  exact  boundary  specification. 

In  a  similar  spirit,  we  wish  to  examine  the  tensor  product  of  any  two  of  the  constructs  with  the  given  adjustment  terms. 
To  avoid  repetitive  manipulation,  the  tensor  product  UV  will  be  expanded  and  will  set  the  pattern  for  UW  and  VW.  The 
expansion  proceeds  by  first  applying  U  to  V  instead  of  X  whereby  UV  becomes 

0  +  o.(0  {V(?,.r?,0  -  A.(ij,0}  +  o,.,(0(V({l.ij,0  -  A,+  1(ij,0]. 

With  some  algebraic  manipulation  and  relabeling  of  control  point  entities,  we  have 

UV  =  Ttf.tf.O  +  <*,(03,(1,)  {X((,. i*. 0  -  c„(C)}  +  a,(()Ju.,(r/)  {X({„i,M,0  -  c,.w  +  ,(0} 

+  <*!.!  (f)3l(»?)  {X(?i  •  r?,  ,  C)  -  +  <»l*l(0/?M*l(»,){X(?i,»,v.  0  -  Ci*,.M*,(0}  . 

which,  as  in  the  case  of  boundary  faces,  explicitly  separates  out  the  boundary  edge  blending  terms  relative  to  the  pure  control 
point  dependency  represented  by  the  tensor  product  T.  Those  edges  are  the  cube  edges  in  C  that  are  transverse  to  the  tensor 
product  in  (  and  tj  represented  by  U  and  V  as  UV. 

By  applying  the  established  pattern  to  UW  and  VW  we  can  evaluate  the  Boolean  sum 
U®V©W  =  U  +  V  +  W-UV-  UW  -  VW  +  uvw, 

which  reduces  to  a  tensor  product  core  represented  by  T  along  with  a  simple  adjustment  term  for  each  face  or  edge  of  the 
grid  block.  Each  adjustment  term  appears  as  a  blending  function  times  the  difference  between  the  specified  boundary  part 
and  the  corresponding  control  point  representation  for  the  same  part.  When  the  part  is  an  edge  in  one  variable,  the  blending 
function  is  the  product  of  the  closest  surface  coefficients  in  the  remaining  two  variables.  When  the  part  is  a  face  in  two 
variables,  the  blending  function  is  just  the  coefficient  for  that  face  in  the  expansion  for  the  remaining  variable. 

When  the  adjustment  terms  corresponding  to  a  combination  of  edges  and  faces  is  dropped,  the  effect  is  a  dependency 
only  upon  control  points  for  those  corresponding  parts  of  the  boundary.  The  practical  implication  is  that  any  combination 
of  specified  and  free  formable  boundaries  can  be  employed.  This  is  in  sharp  contrast  to  traditional  transfinite  methods. 


One  final  observation  is  evident  from  the  surface  weighted  format  employed  in  our  discussion  of  the  control  point  formu¬ 
lation.  It  is  simply  that  the  weighting  functions  a,, (3,  and  7,  could  have  been  chosen  arbitrarily  rather  than  in  the  careful 
way  done  here.  That  care  comes  from  the  multisurface  construct  which  amounted  to  the  interpolation  being  applied  to  the 
tangent  vectors  for  our  curve  and,  accordingly,  accounting  for  curvature  control  in  a  direct  manner.  The  common  Bezier  and 
B-Spline  methods,  by  contrast,  only  have  a  convex  hull  property.  This  is  essentially  a  much  weaker  form  of  curvature  control. 
Nonetheless,  we  can  also  use  such  methods  in  the  control  point  form.  To  use  the  Bezier  functions  (Bernstein  Polynomials), 
we  need  only  set 


<*.(«=  (r,t1)f(1-«)lt,-\  (Z'J’1)  = 


(L-\ )! 
(L+  1  —  »)!*!  ’ 


and  0  <  {  <  1.  Similar  expressions  would  result  for  0,  and  7, .  In  continuation,  Lagrangian  interpolation  can  be  applied,  or 
some  mix  of  various  interpolation  and  approximation  types  can  be  used  for  the  distinct  directions  represented  by  a,,/?,  or 
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Figure  3:  Control  Function*!  for  Two-Boundary  Technique 


Figure  4:  CPF  Sparse/Resultant  Grid 

5  INTERACTIVE  GRID  GENERATION 

As  it  has  been  previously  stated,  algebraic  grid  generation  techniques  are  computationally  efficient.  They  are,  therefore, 
ideally  suited  for  an  interactive  environment.  The  two-boundary  technique  [19]  and  the  CPF  [18.21]technique  have  been  cast 
in  this  environment  for  two-dimensional  and  quasi  three-dimensional  applications.  In  the  two-boundary  technique,  displays 
and  control  functions  (Fig,  3)  are  interactively  created  and  the  grid  and  grid  characteristics  are  computed  in  sequence  and 
visually  inspected. 

In  the  case  of  the  CPF  approach,  a  nominal  grid  is  displayed  and  a  sparse  control  net  is  bold-faced  and  superimposed  onto 
the  nominal  grid  (Fig.  4).  Using  an  interactive  device  (mouse  and  cursor)  a  particular  point  in  the  sparse  net  is  identified  and 
moved  to  another  position.  In  sequence,  a  new  primary  grid  is  computed  and  displayed.  The  creation  of  control  functions  in 
the  interactive  two-boundary  technique  and  the  movement  of  control  points  in  the  CPF  technique  can  be  performed  in  real 
time  using  a  state  of  the  art  workstation  such  as  the  IRIS  3030.  That  is,  a  response  to  input  is  computed  and  displayed 
as  fast  as  the  user  can  change  the  input.  As  workstations  become  faster  and  frame  buffers[21)  connected  to  supercomputers 
become  available,  the  entire  interacts  ?  grid  generation  process  will  likely  be  in  real  time. 


6  APPLICATIONS 

The  generation  of  structured  grids  about  three-dimensional  configurations  such  as  airplanes  or  submarines  requires  several 
planning  and  construction  »teps(22].  We  assume  that  there  is  some  original  definition  of  the  configuration,  such  as  component 
cross  sections  or  patch  data  base(23].  Given  the  configuration,  the  first  step  is  planning  the  topology,  which  includes  the 
number,  location  and  connectivity  of  grid  blocks.  The  second  step  is  the  determination  of  a  suitable  grid  on  the  surface  of 
the  configuration.  The  third  step  is  the  construction  of  intermediate  and  far  field  surface  grids  that  correspond  to  block 
faces.  The  fourth  step  is  the  interior  grid  generation  for  the  blocks. 

The  tools  of  algebraic  grid  generation  are  techniques  as  described  above  and  software  designed  to  apply  the  techniques  in  a 
specific  setting.  The  terminology  specific  is  used  to  indicate  that  the  software  can  be  applied  to  a  particular  configuration 
or  class  of  configurations  without  changing  the  source  code.  There  is  general  software  for  grid  generation,  for  instance, 
the  EAGLE  code[24j.  The  EAGLE  code  authored  by  Joe  Thompson  et.  al.  encompasses  both  transfinite  interpolation 
and  differential  methods  [25].  Boundary  definition  is  interpolated  to  the  interior  of  blocks  using  Lagrangian  interpolation 
functions,  and  the  resulting  algebraic  grid  can  be  smoothed  using  differential  methods.  It  is  the  authors’  conjecture,  however, 


Figure  8:  Submarine  Configuration 
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Figure  9:  Wing-Fuseiage  Grid  Surfaces 


to  generate  a  grid  ®n  the  four  blocks  as  seen  in  Figure  9  after  a  surface  grid  has  been  obtained.  Reference  22  provides  details 
on  this  grid  generation. 


H-type  topology  is  more  suitable  for  grids  about  fighter  aircraft  configurations  with  lifting  surfaces  that  have  sharp  leading 
and  trailing  edges.  It  is  also  desirable  to  concentrate  grid  points  about  the  edges.  Eriksson  [11]  has  proposed  a  dual-block 
topology  for  fighter  airplanes  with  highly-swept  cranked  wings.  After  generating  the  surface  grid,  custom  software,  based 
on  transfinite  interpolation  and  Lagrangian  interpolation  functions,  has  been  written  by  Eriksson  for  the  configuration  in 
Figure  6.  Grid  surfaces  about  this  configuration  are  shown  in  Figure  10.  More  information  about  the  grid  generation  and 
incompressible  flow  about  the  configuration  can  be  found  in  References  11  and  26.  The  same  topology  has  been  been  applied 
bv  Smith  and  Everton  in  an  interactive  environment  to  a  modified  F-18  configuration.  In  addition  to  Lagrangian  interpolation 
with  exponential  controls,  intermediate  and  far  field  boundaries  are  determined  interactively.  Figure  11  shows  grid  surfaces 
about  the  F-18  configuration,  and  more  detail  can  be  found  in  Reference  27. 


Figure  10:  Grid  Surfaces  About  a  Cranked-Wing  Configuration 


Figure  11:  Grid  Surfaces  About  a  Modified  F-18  Configuration 


Figure  12:  Grid  Surfaces  About  A  Submarine  Configuration 

The  last  application  is  grid  generation  about  submarines.  This  application  is  similar  to  the  transport  airplane  configuration 
where  the  hull  corresponds  to  the  fuselage,  and  the  sail  corresponds  to  a  shortened  wing.  In  addition,  there  are  sail  planes 
and  stern  components  in  a  submarine  configuration.  Abolhassani  and  Smith  have  proposed  a  topology  for  submarine 
configurations^]  and  a  sample  grid  is  shown  in  Figure  12. 

7  CONCLUSIONS 

Algebraic  grid  generation  is  a  very  powerful  and  a  flexible  way  of  discretizing  flow  field  domains.  The  concept  of  forming 
a  boolean  sum  of  univariate  interpolations  is  the  basic  methodology  underlying  algebraic  grid  generation  methods.  Either 
structured  grids  or  unstructured  grids  can  be  generated  with  algebraic  methods.  Algebraic  techniques  work  well  in  conjunction 
with  interactive  computer  graphics  The  CPF  method,  in  particular,  is  highly  flexible  and  suitable  for  an  interactive 
environment.  Three-dimensional  applications  of  algebraic  grid  generation  require  several  steps,  but  algebraic  techniques 
are  capable  of  producing  discretizations  of  virtually  any  domain,  given  enough  blocks.  The  problem  that  arises  and  merits 
consideration  is  the  trade-off  for  using  many  structured  blocks,  a  single  unstructured  representation,  or  a  combination  of 
structured  and  unstructured  blocks 
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RESUME 

Cet  article  ddcrit  les  mdthodes  utilises  4  aerospatialo  Division  Engins  Taetiques  pour  calculer 
numdriquement  l'adrodynamique  des  missiles  dans  un  cadre  industriel.  L'accent  est  mis  principalement  sur  les 
problemes  de  liaison  entre  gdomdtrie  et  maillage.  Aprds  quelqucs  considdrations  sur  la  Conception  Assistde  par 
Ordinateur  (CAO)  et  son  emploi  dans  une  procedure  de  maillage,  deux  chaines  de  calcul  sont  presentees.  La 
premiere,  basee  sur  le  principe  de  la  marche  en  espace,  est  destinde  aux  calculs  supersoniqufes  et  la  seconde 
propose  une  approche  multidomaine  pour  les  calculs  subsoniques  et  transsoniques.  Des  exemples  de  maillage  et 
des  resultats  de  calcul  pour  diverses  configurations  sont  produits  pour  illustrer  les  deux  proeddures. 


ABSTRACT 

This  paper  describes  the  methods  which  are  used  at  aerospatiale  Tactical  Missiles  Division  in  order  to 
calculate  missile  aerodynamics  numerically  in  an  industrial  way.  The  problems  in  linking  geometry  and  mesh  arc 
stressed.  After  a  few  comments  about  Computer  Aided  Design  (CAD)  and  its  use  in  a  mesh  generation  scheme,  two 
procedures  are  presented  :  the  first  one,  based  on  the  space  marching  principle,  is  designed  for  supersonic  flows  and 
the  second  one  proposes  a  multizonal  approach  for  transonic  and  subsonic  flows.  Mesh  examples  and  flow  results 
are  g’ven  for  different  types  of  configurations  in  order  to  illustrate  the  two  procedures. 


1  INTRODUCTION 

L'adrodynamique  des  missiles  taetiques  est  fortement  tridimensionnelle  et  essentiellement  non  lindaire  :  la 
gdomdtrie  d'un  missile  dtant  trds  ramassde  autour  de  son  axe  longitudinal,  il  se  produit  de  fortes  interactions  entre 
les  diffdrents  dldments,  et  des  ddcollements  importants  et  de  nombreuses  ondes  de  choc  peuvent  apparaitre 
(Rdfdrence  1).  De  tels  dcoulements  sont  restds  longtemps  hors  de  portde  des  mdthodes  numdriques  si  bien  qu'elles 
sont  apparues  plus  tardivement  chez  les  missiliers  que  chez  les  avionneurs.  En  outre,  comme  les  formes  des  missiles 
sont  restdes  simples  trds  longtemps  (axisymdtriques  et  cruciformes)  et  leur  structure  restde  rustique  (peu 
d'optimisation),  les  mdthodes  semi-empiriques  allides  aux  cssais  en  soufflerie  se  sont  avdrdes  suffisantes  pour 
rdpondre  aux  besoins  des  projets. 

La  ndcessitd  de  mdthodes  numdriques  n’est  vraiment  apparue  chez  les  missiliers  qu'au  ddbut  de  la 
ddeennie  pour  prddire  l'adrodynamique  globale  des  formes  compliqudes  (missiles  adrobies,  par  exemple)  et 
l'adrodynamique  rdpartie,  inaccessibles  par  les  mdthodes  semi-empiriques.  Pour  des  considdrations  de  cout  de 
calcul,  ce  sont  d'abord  des  mdthodes  de  singularitds  qui  ont  dtd  utilisdes,  mais  la  trds  forte  non-lindaritd  de 
l'adrodynamique  des  missiles  limite  par  trop  leur  domaine  de  validitd,  C'est  grace  d'une  part  aux  progrds  accomplis 
dans  le  domaine  des  super-ordinateurs,  et  d'autre  part  au  ddveloppement  de  la  technique  d'accdldration  de 
convergence  par  marche  en  espace  que  les  codes  Euler  sont  devenus  accessibles  industriellement  :  ainsi  la 
proeddure  developpde  autour  du  code  Euler  FLU3C  ddcrite  au  paragraphe  3  nous  permet  actuellement  d'intervenir 
rapidement  A  tous  les  stades  du  projet  pour  le  domaine  supersonique.  En  ce  qui  concerne  le  subsonique  et  le 
transsonique,  une  proeddure  multidomaine  rdpondant  aux  memes  exigences  de  performance  est  en  phase  finale  de 
ddveloppement.  Elle  fait  1'objet  du  paragraphe  4. 


2  CAO  ET  CALCUL  AERODYNAMIQUE  DES  MISSILES 

La  gdomdtrie  des  missiles  s'est  dnormdment  compliqude  depuis  quelques  anndes,  principalement  pour  des 
considdrations  de  propulsion  (entrdes  d'air  sur  1'ASMP  ou  l'ANS:  figure  1)  et  de  furtivitd  (lissage  des  formes).  Dans  le 
meme  temps,  la  prdcision  des  mdthodes  numdriques  de  dynamique  des  fluides  s'est  suffisamment  accrue  pour 
permettre  la  prise  en  compte  de  ddtails  de  gdomdtrie  ignords  jusqu'alors  (gouttidres,  capots...).  Cette  double 
dvolution  a  rendu  indispensable  1'emploi  de  systdmes  de  CAO  non  seulemcnt  pour  assurer  la  ddfinition  rigoureuse 
de  la  gdomdtrie,  mais  aussi  pot"’  faciliter  son  maillage  pour  des  calculs  numdriques.  Aussi,  1'adronumdricien  se  doit 
aujourd'hui  do  possdder  une  compdtence  CAO. 


En  effet,  la  plupart  des  geometries  que  nous  avons  k  calculer  sont  definies  et  modifies  par  des  specialistes  do 
la  CAO  et  sont  destinies  £  etre  exploitdes  dans  les  domaines  les  plus  divers.  Elies  ne  sont  done  soumises  a  aucun 
critfere  restrictif  d'elaboration  qui  pourrait  nous  en  faciliter  le  maillage.  Par  exemple,  les  differents  elements  d  une 
configuration  sont  le  plus  souvent  juxtaposes  sans  souci  de  representation  des  intersections,  certaines  surfaces  de 
definition  peuvent  se  superposer  en  tout  ou  partie  et  meme  etre  legbrement  disjointes.  Cc  sont  autant 
d'imperfections  que  nous  devons  en  premier  lieu  eiiminer.  D'autre  part,  nous  devons  structurer  la  configuration  a 
mailler,  e'est  a  dire  construire  les  frontieres  des  domaines  de  calcul,  car  en  general  elles  ne  coincident  pas  avec  les 
frontieres  des  surfaces  de  definition  geometrique.  Enfin,  nous  avons  tres  souvent  k  modifier  la  configuration  a  traitor, 
en  particular  pour  des  series  de  calculs  parambtriques  de  positionnement  et  dimensionnement  de  surfaces 
portantes  or  en.  ore  pour  l'estimation  d'efficacites  de  gouvernes. 

Tcus  ces  elements  nous  ont  montre  la  necessite  de  disposer  d'un  logiciel  de  geometrie  performant,  meme  si 
nous  n'assurons  pas  la  tache  de  conception  dans  son  integrate.  Plutot  que  de  developper  un  logiciel  aux 
fonctionnalites  CAO,  nous  avons  prefer  choisir  un  systeme  deja  existant  et  eprouve  et  l'interfacer  en  fonction  de 
nos  taches  specifiques  de  maniere  cl  ne  pas  transformer  1'aerodynamicien  en  specialiste  CAO  malgrb  lui.  Le  logiciel 
1CEM2  de  Control  Data  Corporation  sur  station  de  travail  IRIS  de  Silicon  Graphics  nous  a  paru  repondre  a  cette 
exigence  :  d'abord  parce  qu'il  est  extremement  convivial  et  facile  d’emploi  pour  des  utilisateurs  qui  ne  sont 
qu'occasionnels  et  qui  en  ont  un  emploi  marginal,  et  ensuite  parce  qu'il  intbgre  un  langage  de  programmation 
graphique  tres  puissant  (Graphics  Programming  Language)  permettant  d'acceder  directement  la  base  de  donnees 
et  d'utiliser  la  plupart  des  fonctionnalites  matWmatiques  du  systeme.  L'ecriture  de  modules  en  GPL  nous  a  permis 
dautomatiser  le  traitement  des  geometries  les  plus  complexes  que  nous  ayons  eues  a  calculer,,  comme  nous  le 
verrons  par  la  suite. 

Parmi  les  nombreuses  fonctionnalites  et  la  souplesse  demploi  offertes  par  cette  solution  CAO,  il  faut 
souligner  la  possibility  de  traiter  les  bases  de  donnees  geometriques  provenant  des  autres  systemes  par 
l  intermbdiaire  de  la  base  de  uonnees  normalise  SET  (Systeme  d'Echange  et  de  Transfert)  via  une  interface  de 
traduction.  De  cette  maniere,  nous  pouvons  traiter  les  fichiers  geombtriques  provenant  de  tous  les  logiciels  de  CAO 
(Catia,  Cadds,  Aerolis...),  pourvu  qu'ils  soient  interfaces  avec  SET. 


3  PROCEDURE  POUR  LA  MARCHE  EN  ESPACE 

Lorsque  recoupment  est  supersonique  dans  une  direction  don  nee,  les  equations  d'Euler  sont  hyperboliques 
dans  cette  direction  et  autorisent  une  resolution  de  proche  en  proche.  Cette  methode  dite  de  marche  en  espace 
s'applique  naturellement  aux  equations  d'Euler  stationnaires  mais  aussi  aux  equations  d'Euler  instationnaires.  Le 
maillage  est  alors  gendralement  constitue  d'une  succession  de  coupes  planes  (2D)  orthogonales  k  la  direction  de  la 
marche. 

La  procedure  de  maillage  que  nous  avons  dbveloppee  s’articule  en  deux  phases  bicn  distinctes  (voir 
I'organigramme  de  la  chaine  de  calcul  en  figure  2) : 

-  si  la  geome*rie  est  analytique  (par  exemple  un  missile  axisymetrique  et  cruciforme),  elle  est  genbree  a  l  aid e  du 
module  geometrique  d'un  logiciel  interactif  appeie  PRECET,  et  maillee  a  l'aide  du  module  de  maillage  du  meme 
logiciel  qui  est  organise  autour  d'un  mailleur  bidimensionnel  elliptique  derive  de  GRAPE  (Reference  2); 

-  si  la  geometrie  est  une  base  de  donnees  CAO  (par  exemple  un  missile  aerobie),  elle  est  d'abord  conditionnec  au 
sein  du  systeme  de  CAO  par  execution  d  une  chaine  de  programmes  GPL  interactifs  et  batch.  Le  maillage  est 
ensuite  realise  k  l'aide  du  module  de  maillage  du  logiciel  PRECET. 

3.1  Definition  de  la  geometrie 
Definition  analytique 

Le  preprocesseur  pour  le  calcul  des  missiles  PRECET  (PREprocesseur  pour  Calcul  d'Engins  Tactiques), 
programme  graphique  interactif  ecrit  en  FORTRAN,  possbdc  un  module  qui  permet  de  construire  trbs  rapidement 
une  geometric  simple  (analytique)  en  combinant  un  certain  nombre  d'6iements  (ogives,  cylindres,  surfaces 
portantes  avec  ou  sans  dpaisscur,  retreints...)  definis  de  faqon  parametrique.  Ceci  s'applique  trbs  facilcment  aux 
missiles  de  forme  classique  tel  que  1'  ASTER  (Figure  6). 

Definition  via  la  CAO 

Comme  i!  a  ete  dit  prec6demment,  la  configuration  k  mailler  n'est  pas  definie  sous  CAO  specialcmcnt  k  notre 
intention.  Ainsi,  meme  si  la  geometrie  est  "propre",  on  ne  peut  generalement  pas  utiliser  telles  quelles  les  surfaces 
de  definition  car  elles  ne  correspondent  pas  k  celles  que  1'on  souhaite  mailler  (Figures  3a  et  3b).  La  plupart  du  temps 
elles  ne  presentent  pas  de  frontiere  commune  rndme  en  les  regroupant.  La  premiere  etape  consiste  done  k  definir 
les  sui  faces  k  mailler  avant  meme  de  vouloir  r6cuperer  la  definition  geometrique.  Or,  dans  le  cadre  de  la  marche  en 
espace  ou  il  s'agit  de  mailler  l'espace  par  une  succession  de  plans  perpendiculaires  k  1'axe  de  la  configuration,  les 
surfaces  £  mailler  presentent  deux  frontieres  perpendiculaires  &  cet  axe.  Nous  avons  done  choisi  de  tirer  profit  de 
cette  caracteristique  en  modeiisant  la  g6ometrie  par  une  serie  de  coupes  dont  certaines  correspondent  aux 
frontiferes  des  surfaces  It  mailler.  Le  problfeme  de  structuration  de  la  geometrie  s’en  trouve  ainsi  considerablement 
simplifie. 


Le  traitement  de  la  gbombtrie  se  deroule  comme  suit : 

-  redefinition  de  la  configuration  par  une  sbrie  de  coupes  perpendiculaires  a  son  axe  directeur  :  l'utilisateur 
doit  demander  un  nombre  suffisant  de  coupes  pour  avoir  une  definition  precise  de  la  gbombtrie  dans  sa  direction 
longitudmale  et  doit  specifier  les  positions  des  coupes  particulibres  correspondant  aux  frontibres  des  surfaces  a 
mailler.  Ces  coupes  limites  sont  choisies  gbnbralement  pour  marquer  un  changement  de  topologic  de  la 
configuration  ou  pour  autoriser  de  part  et  d'autre  de  celles-ci  des  maillages  de  types  diffbrents  ou  encore  pour 
marquer  une  discontinuity  longitudinale.  Une  fois  les  plans  de  coupes  dbfinis,  un  programme  calcule  les 
intersections  avec  les  surfaces  de  definition  (Figure  3c);  . 

-  "nettoyage"  et  preparation  des  coupes  :  l'utilisateur  specifie  s'il  veut  traiter  la  configuration  entibre,  la  moitie 
ou  encore  le  quart,  et  le  programme  modifie  les  entitbs  en  consequence  (suppression,  coupure  ou  extension)  cn 
eiiminant  au  passage  toutes  les  entitbs  parasites  gbnbrbes  lors  des  coupes  (en  general  des  splines  cubiques).  11 
visualise  par  des  points  la  trace  sur  les  coupes  des  frontibres  des  surfaces  de  definition; 

-  choix  des  frontibres  des  surfaces  a  mailler  :  l'utilisateur  doit  d'abord  designer  les  coupes  dbfinissant  les 
frontibres  transversales  (limites  des  blocs),  puis  pour  chacun  des  blocs  ainsi  definis  designer  les  frontibres 
longitudinales  (Figure  3d).  Pour  ce  faire  il  lui  suffit  de  sblectionner  avec  la  souris  de  sa  station  de  travail  certains  des 
points  visualisbs  lors  de  l'btape  prbebdente.  Le  choix  des  frontibres  longitudinales  correspond  le  plus  souvent  a  une 
discontinuity  qui  doit  etre  absolument  respeetbe  lors  du  maillage  final  mais  peut  etre  aussi  une  simple  ligne  de 
maillage  que  l'utilisateur  veut  imposer  pour,  par  exemple,  pouvoir  y  effectuer  un  raffinement  local.  La  quality  du 
maillage  final  depend  en  majeure  partie  de  cette  btape; 

-  enregistrement  de  la  gbombtrie  des  surfaces  4  mailler:  muni  des  informations  que(],'utilisateur  lui  a 
donnbes  prbeedemment,  le  programme  ordonne  automatiquement  les  entitbs  de  chacune  des  coupes,  y  rbpartit  un 
nombre  de  points  fixb  par  un  critbre  de  density  donnb  et  les  stocke  de  manibre  ordonnbe.  On  dispose  ainsi  a  Tissue 
de  cette  btape  d  un  fichier  contenant  les  surfaces  4  mailler  de  la  configuration  sous  la  forme  d'une  grille  structurbe 
de  points  de  definition.  Ceite  grille  sera  interpolbe  par  splines  cubiques  lors  du  maillage  (Figure  3e).  En  gbnbral, 
Interpolation  est  suffisamment  precise  pour  pouvoir  se  contenter  des  points  paroi  obtenus  de  cette  faqon. 
Cependant,  l'utilisateur  dispose  d'un  programme  lui  permettant  en  dernier  lieu  de  projeter  automatiquement  tous 
les  points  paroi  sur  les  surfaces  gbombtriques  initiales.  Ainsi,  la  gbombtrie  est  rigoureusement  respeetbe,  memo  si 
elle  a  btb  maillbe  a  partir  d  une  representation  approchbe. 

Dans  le  cas  ou  une  coupe  a  donnb  lieu  4  plusieurs  contours  disjoints,  l'utilisateur  doit  les  relier  les  uns  aux 
autres  de  manibre  4  n'en  obtenir  qu'un  seul,  comme  le  rbclame  le  mailleur.  Ceci  revient  4  erber  des  surfaces  4 
mailler  artificielles  dites  de  "transparence"  qui  seront  traversbes  par  Tbcoulement  lors  du  calcul  comme  si  elles 
n'existaient  pas  (Figure  4).  II  faut  proebder  de  meme  lorsque  la  configuration  prbsente  une  partie  bmoussbe  et  done 
un  bcoulement  localement  subsonique  :  pour  que  le  premier  plan  du  domaine  qui  la  contient  soit  supersonique,  il  est 
nbcessaire  de  Tavancer  et  pour  ce  faire  de  construire  une  surface  artificielle  qui  reproduise  la  topologie  de  Tblement. 


3.2  Gbnbration  du  maillage 
Prbprocesseur 

Le  prbprocesseur  PRECET  permet  de  dbfinir  un  maillage  tridimensionnel  4  partir  de  maillages 
bidimensionnels  par  plans.  La  gbombtrie  est  dbfinie  analytiquement  de  faqon  interne  ou  bien  4  partir  d'un  fichier  de 
points  rbsultants  de  la  demarche  CAO  dberite  ci  avant.  L'utilisateur  dbfinit  d'abord  les  abscisses  limites  des 
domaines  de  calcul  ainsi  que  le  nombre  et  la  repartition  des  plans  de  calcul.  Ensuite,  pour  chaque  domaine,  il  dbfinit 
le  maillage  transversal  en  fixant  quelques  parambtres  (nombres  de  points  radiaux  et  orthoradiaux...)  qui  seront 
*  valables  pour  tout  le  domaine;  il  peut  visualiser  le  maillage  rbsultant  dans  n'importe  quel  plan  de  calcul.  La  frontibre 

>  extbrieure  qui  doit  englober  le  choc  frontal  est  fixbe  de  manibre  empirique  en  fonction  de  Tbcoulement  amont. 

PRECET  berit  des  fichiers  de  type  maillage,  des  fichiers  de  donnbes  pour  les  calculs  FLU3C  et  un  fichier  de  cartes  de 
I  contrdle  que  l'utilisateur  n'a  plus  qu'4  soumettre  au  super-ordinateur. 

[  Mailleur 

La  mbthode  de  gbnbration  de  maillage  repose  sur  la  resolution  des  equations  de  Poisson.  Les  fonctions  de 
controle  sont  dbterminbes  automatiquement,  selon  le  schbma  mis  au  point  par  Steger  et  Sorenson  (Rbfbrence  2),  par 
specification  de  Tespacement  et  de  Torientation  des  mailles  au  voisinage  des  ‘rontibres  Cette  mbthode  a  btb  choisie 
pour  sa  capacity  4  traiter  des  domaines  de  formes  varibes  tout  en  produisant  des  lignes  de  coordonnbes  assez  lisses. 
Les  equations,  une  fois  diserbtisbes,  sont  rbsolues  par  un  algorithme  SLOR  appliqub  d’abord  sur  une  grille  grossibre, 
ou  Ton  ne  prend  qu'un  point  sur  trois,  puis  sur  la  grille  complbte.  De  cette  faqon  le  temps  de  calcul  est  divisb  par  5,  en 
moyenne.  Egalement  dans  le  but  d'ambliorer  les  performances  on  a  ajoutb  une  option  qui  opbre  4  partir  d'une 
solution  calculbe  pour  le  plan  prbebdent  dans  le  cas  ou  les  deux  domaines  sont  gbombtriquement  trbs  proches.  Le 
gain  obtenu  se  situe  entre  3  et  10. 

En  gbnbral,  la  configuration  btudibe  prbsente  un  plan  vertical  de  symbtrie,  de  sorte  que  le  domaine  4  mailler 
est  topologiquement  equivalent  4  un  rectangle  dont  les  quatre  frontibres  sont :  la  frontibre  intbrieure  constitube 
d'une  demi  section  du  missile,  la  frontibre  extbrieure  englobant  la  trace  du  choc  et  les  traces  du  plan  de  symbtrie  4 
1'intrados  et  4  1'extrados  du  missile.  Pour  les  configurations  qui  n'admettent  pas  de  plan  de  symbtrie,  le  domaine  est 
topologiquement  bquivalent  4  une  couronne  et  on  choisit  Toption  "maillage  en  O”. 

Le  programme  a  btb  adaptb  pour  prendre  en  compte  automatiquement  les  points  anguleux  (extrbrr  itb  de 
voilure...)  et  les  points  confondus  (apex  d'une  aile  en  fibche).  Les  donnbes  4  fournir  sont  rbduites  au  minimum  : 
nombre  de  points  de  maillage  dans  les  deux  directions,  coordonnbes  (x,y)  des  nceuds  sur  les  frontibres  intbrieures  et 
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exterieures  et  indication  de  l'espacement  ddsird  au  voisinage  des  frontidres.  Implicitement,  le  programme  essaye  de 
gdndrer  des  mailles  orthogonales  aux  frontidres.  Sur  les  frontidres  latdrales  (plan  de  symdtrie)  on  peut  au  choix 
imposer  les  noeuds  (conditions  de  Dirichlet)  ou  laisser  les  points  "flotter"  (conditions  de  Neumann)  pour  satisfaire 
une  condition  d'orthogonalitd. 

On  trouvera  en  figure  5  un  exemple  de  maillage  transversal  pour  le  missile  aerobic  ASMP. 


3.3  Calculs  aerodynamiques  :  code  FLU3C 

FLU3C  est  un  programme  de  resolution  des  Equations  d'Euler  tridimensionnelles  instationnaires  sous 
forme  conservative  qui  resulte  d’une  cooperation  dtroite  entre  l'ONERA  et  aerospatidle  (Reference  3).  Le  schema 
de  type  volumes  finis  est  explicite  et  done  soumis  4  un  critdre  de  CFL  en  temps.  La  formulation  ddeentree  du  calcul 
des  flux,  suivant  l'approche  de  Van  Leer,  assure  d  la  mdthode  une  grande  robustesse.  La  precision  d'ordre  deux  en 
temps  et  en  espace  est  assuree  par  ['utilisation  d'un  schema  predicteur-correcteur  de  type  MUSCL.  Un  limiteur  de 
pentes,  qui  agit  uniquement  dans  les  regions  de  fort  gradients,  prdvient  les  oscillations  en  reduisant  l'ordre  de 
precision  spatiale  prds  des  discontinues.  Pour  la  recherche  de  solutions  stationnaires,  deux  methodes 
d'acceidration  de  convergence  sont  utilisees  : 

-  la  mdthode  de  pas  de  temps  local;  chaque  point  evolue  avec  sa  propre  echelle  de  temps  jusqu'd  convergence, 

-  la  rndthode  de  pseudo  marche  en  espace;  lorsque  la  composante  de  la  vitesse  suivant  une  direction  privilegiee  est 
supersonique  dans  tout  le  domaine  de  calcul,  on  fait  converger  en  temps.  Tun  aprds  l'autre,  chaque  plan  de  calcul 
orthogonal  d  cette  direction  en  utilisant  uniquement  les  variables  situdes  d  l'amont.  Cette  procedure  minimise  le 
nombre  d'itdrations  ndeessaires  ainsi  que  le  volume  d'entrees-sorties. 

Le  cout  de  cette  rndthode  explicite  restreint  son  utilisation  dans  un  cadre  industriel  aux  ecoulements 
supersoniques.-  Le  calcul  d'un  missile  est  en  fait  constitud  de  plusieurs  calculs  FLU3C  (le  dernier  plan  de  calcul  N 
serf  de  plan  initial  pour  le  calcul  du  plan  N+-1).  Une  condition  ndeessaire  est  que  les  plans  d'entrde  et  de  sortie  de 
chaque  calcul  FLU3C  soient  supersoniques.  Cependant,  cela  n'interdit  pas  la  prdsence  de  poches  subsoniques 
comme  e'est  le  cas  dans  les  calculs  de  missiles  avec  jets  latdraux  (Rdfdrence  4).  Le  calcul  d'une  configuration 
realiste  en  dcoulement  supersonique  avec  un  maillage  comprenant  300  000  points  est  d'environ  20  mn  CPU  sur  le 
CRAY  X-MP. 

3.4  Exemples 

Missile  ASTER  30 

La  figure  6  montre  un  exemple  de  maillage  pour  l'anti-missiles  ASTER  30.  Le  maillage  surfacique  comprend  environ 
14  000  noeuds  pour  une  demi-configuration  et  400  000  noeuds  au  total.  La  gdomdtrie  de  ce  missile  classique  est 
ddfinie  de  fa<;on  analytique  avec  PRECET  et  tient  compte  du  profil  des  voilures,  ce  qui  est  indispensable  pour  la 
bonne  prddiction  des  moments  de  charnidre  (Rdfdrence  5).  La  figure  6  montre  dgalement  une  rdpartition  de 
nombre  de  Mach  paridtaux  pour  un  nombre  de  Mach  infini  de  2,6  et  une  incidence  de  10  degrds,  obtenus  avec  le 
code  FLU3C.  Les  chocs  et  ddtentes  lids  aux  surfaces  portantes  sont  clairement  visibles.  Le  programme  FLU3C  a  dtd 
utilisd  intensivement  dans  le  cadre  du  projet  de  missile  ASTER. 

Missile  ANS 

L'  ANS  est  un  projet  de  missile  adrobie  dtudid  conjointement  avec  MBB  pour  succdder  4  la  famille  de  missiles  anti- 
navires  EXOCET.  II  est  dquipd  d'un  stato-rdacteur  avec  4  entrdes  d'air  de  rdvolution.  Le  maillage  surfacique  prdsente 
figure  7  comprend  environ  16  000  noeuds  pour  une  demi-configuration.  La  gdomdtrie  a  dtd  ddfinie  sous  CAO.  Le 
rdsultat  de  calcul  (coefficients  de  pression  paridtaux)  correspond  d  Mach  2  et  4  degrds  d'incidence.  Les  entrdes  d'air 
sont  ouvertes  et  supposdes  en  fonctionnement  supercritique. 

Navette  HERMES  sur  lanceur  ARIANE  5  * 

La  navette  spatiale  HERMES  sur  le  lanceur  ARIANE  5  est  1'une  des  plus  grosses  configurations  que  nous  ayons 
traitdes  (Figure  8).  Elle  comprend  environ  17  000  noeuds  sur  la  paroi  pour  une  demi-configuration  et  illustre  bien 
l’utilisation  des  surfaces  transparentes  (jonction  des  boosters  et  du  corps  central).  Le  nez  de  la  navette  est  mailld 
avec  une  singularitd  d'axe  alors  que  le  reste  de  la  configuration  est  mailld  par  plan.  La  figure  8  prdsente  des  nombres 
de  Mach  paridtaux  4  Mach  1,5  et  3  degrds  d'incidence. 

Avion  de  transport  ATSF  ** 

L'ATSF  est  un  projet  d'avion  supersonique  civil  destind  &  succdder  d  CONCORDE.  La  gdomdtrie  est  plus  simple  que 
dans  les  exemples  prdeddents.  Le  maillage  surfacique  prdsentd  figure  9  comprend  11  000  noeuds  environ.  La  figure  9 
donne  dgalement  la  rdpartition  des  nombres  de  Mach  sur  la  paroi  d  Mach  2  et  4  degrds  d'incidence. 


4  PROCEDURE  POUR  LE  MULTIDOMAINE 

La  proeddure  marche  en  espace  prdsente  certaines  limitations,  tant  au  niveau  gdomdtrie-maillage  qu'au 
niveau  du  calcul.  Bien  que  des  configurations  trds  dlverses  aient  pu  dtre  mailldes  et  calculdes  aisdment,  elles  restent 
cependant  limitdes  en  complexitd.  De  plus,  quelle  que  soit  leur  topologie,  toutes  les  configurations  sont  mailldes  en 
"O-H",  alors  que  certaines  parties  comme  par  exemple  un  bord  d'attaque  arrondi  ndeessiteraient  un  maillage  de 
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type  ''0-0.  Cela  peut  nuire  &  la  bonne  representation  gyomytrique  de  l'dldment  ou  conduire  k  un  nombre  de  points 
de  calcul  trop  yievd.  En  outre,  certains  contours  ne  peuvent  pas  etre  mailles  sans  recourir  a  une  simplification  de  la 
gyomytrie.  Enfin,  la  convergence  d'un  calcul  transsonique  sur  un  tel  maillage  n'est  pas  assuree,  en  particulier  au 
niveau  des  raccords  entre  sous-domaines  (non  correspondance  des  noeuds).  C'est  pour  cette  raison  qu'il  nous  est 
apparu  n6cessaire  de  dyvelopper  une  procedure  tridimensionnelle  gdn6rale.  Nous  avons  choisi  unc  approchc 
multidomaine  sans  recouvrement  avec  possibility  de  continuity  des  lignes  de  maillage  entre  domaines  pour  deux 
raisons  : 

-  le  non  recouvrement  facilite  la  gestion  du  multidomaine, 

-  la  continuity  des  lignes  de  maillage  facilite  le  traitement  conservatif  des  raccords. 

Cette  approche  permet  en  outre,  dans  sa  restriction  surfacique,  d'obtenir  quasi-automatiquement  un  maillage 
rigoureusement  jointif  pour  une  methode  de  singularitys. 

4.1  Formes  simples 

Pour  traiter  les  configurations  de  forme  simple  (axisyrndtrique,  cruciforme),  nous  avons  dyveloppy  un 
prdprocesseur  FORTRAN  appeiy  PREMICE  (PREprocesseur  de  Maillage  Interactif  pour  Calcul  d'Engins) 
permettant  la  dyfinition  et  le  maillage  interactifs  de  la  gyomytrie.  Celle-ci  est  dyfinie  4  partir  d'une  bibliotheque  de 
formes  simples  (ogives,  troncs  de  cones,  ailes  de  diffyrents  types...).  Le  domaine  de  calcul  est  dycompose 
automatiquement  en  blocs  topologiques  qui  sont  ensuite  ryunis  en  sous-domaines.  Le  maillage  volumique  est 
effectuy  k  l'aide  du  mailleur  bidimensionnel  prysenty  dans  le  paragraphe  3.2  par  rotation  de  plans  de  maillage 
autour  de  l'axe  de  la  configuration.  Les  effets  tridimensionnels  (tuilage  ou  encore  ypaisseur  des  ailes)  sont  obtenus 
par  dyformation  des  plans  de  maillage.  Un  exemple  de  maillage  multidomaine  du  missile  ASTER  est  produit  en 
figure  10. 

4.2  Formes  dyfinies  par  CAO 

Dyfinition  de  la  gyomytrie 

La  dymarche  adoptde  ici  est  sensiblement  la  meme  que  pour  la  marche  en  espace  en  ce  sens  quelle  s'articule 
en  deux  parties  distinctes,  l'une  relative  au  traitement  de  la  gyomytrie  est  effectuye  au  sein  de  ICEM,  l'autre 
concernant  le  maillage  est  effectuye  hors  de  ICEM.  Cependant,  le  traitement  de  la  gdomytrie  requiert  cette  fois-ci 
une  connaissance  plus  poussye  du  systyme  de  CAO,  puisque  l'ayrodynamicien  doit  construire  lui-meme  les 
frontiferes  des  sous-domaines. 

La  premiyre  tache  k  accomplir  est  la  dycomposition  du  domaine  physique  en  un  certain  nombre  de  sous- 
domaines  faciles  a  mailler;  la  plupart  des  auteurs  pryconise  d'effectuer  une  partition  du  domaine  en  blocs 
topologiques  de  type  "yiyments  finis"  (Ryfyrences  6  et  7) :  l’intersection  de  deux  blocs  ne  doit  etre  constitude  que 
d'un  sommet,  d'une  arete  compete  ou  d'une  face  compete.  Les  blocs  obtenus  peuvent  etre  facilement  mailiys  de 
faqon  structurye,  puis  ryunis  pour  former  les  sous-domaines  de  calcul.  Cette  rndthode  permet  une  gestion  logicielle 
trds  simple  de  la  connectique,  mais  est  tr£s  contraignante  car  elle  conduit  it  un  grand  nombre  de  blocs  d<5s  que  le 
domaine  £  mailler  devient  complexe  (souvent  plus  d'une  centaine  de  blocs).  L'approche  que  nous  avons  choisie  est 
plus  simple  pour  l'utilisateur  :  le  domaine  physique  est  directement  dycompos6  en  sous-domaines  de  calcul  (de 
l'ordre  d'une  dizaine)  qui  sont  choisis  en  fonction  de  la  topologie  rencontrye.  Chacune  des  faces  des  sous-domaines 
est  dycoupde  en  un  ensemble  de  fenetres  correspondant  en  gyndral  au  type  de  condition  limite  k  y  appliquer  lors  du 
calcul,  ceci  de  telle  manibre  que  les  sous-domaines  de  calcul  communiquent  entre  eux  par  une  fenetre,  un  bord  de 
fenetre  ou  un  coin  de  fenetre.  L'intyret  de  cette  approche  vient  du  fait  que  la  structure  d'une  face  de  sous-domainc 
n’a  pas  besoin  d'etre  reproduite  sur  sa  face  opposye,  ce  qui  yvite  une  inflation  de  blocs.  La  configuration  reste  ainsi 
trys  lisible  au  niveau  gyomytrique  comme  au  niveau  connectique  (Figures  11a  et  lib). 

La  dycomposition  du  domaine  en  sous-domaines  de  calcul  et  des  faces  en  fenetres  est  faite  par  l'utilisateur 
sous  CAO  et  requiert  une  certaine  connaissance  des  fonctionnalitys  du  systyme.  L'emploi  d'un  systyme  de  CAO 
s'avyre  ici  indispensable  par  comparaison  it  l'ycriture  d'un  logiciel  spycifique  qui  n'aurait  pu  en  aucun  cas  offrir  la 
meme  gamme  de  fonctionnalitys. 

Une  fois  effectuye  la  construction  gyomytrique  des  aretes  des  fenetres,  l'utilisateur  est  guidy  dans  sa 
dymarche  par  un  programme  GPL  auquel  il  doit  donner  les  renseignements  nycessaires  pour  que  celui-ci  retrouve 
et  enregistre  la  connectique  des  sous-domaines  et  leur  gyemytrie.  Le  dyroulement  des  opyrations  est  alors  le 
suivant : 

-  ddsignation  par  l'utilisateur  de  toutes  les  fenetres  par  sdlection  des  entitds  gdomytriques  les  constituant  (Figure 
12a).  Le  programme  visualise  les  fenetres  ainsi  dyfinies  (Figure  12b); 

-  sur  la  modyiisation  par  fenetres,  dysignation  des  faces  par  selection  de  fenetres.  Le  programme  reprysente 
graphiquement  les  faces  ainsi  dyfinies  (Figure  12c); 

-  sur  la  modyiisation  par  faces,  dysignation  des  sous-domaines  par  sdlection  de  faces; 

-  enregistrement  d'un  fichier  de  connectique :  la  connectique  est  assurde  par  l'intermydiaire  des  fenetres  :  k  chaque 
entity  gyomytrique  entrant  dans  la  dyfinition  d'une  fenetre  est  associy  un  "label"  unique.  La  comparaison  de  ces 
"labels"  permet  de  savoir  si  deux  fenetres  sont  adjacentes  ou  pas,  et  done  de  structurer  les  faces; 

-  enregistrement  d'un  fichier  gyomytrique :  la  gyomytrie  des  fenetres  est  onregistrye  sous  forme  de  syries  de  points 
rypartis  sur  les  entitys  constituant  leurs  arytes.  En  outre,  pour  chacune  des  fenetres  paroi,  une  grille  structurye  de 
points  intyrieurs  est  gynyrye  it  partir  des  surfaces  de  dyfinition  et  leur  ^partition  yvolue  en  fonction  de  cell?  des 
aretes  correspondantes  (Figure  13). 
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G£n£ration  du  maillage 

Au  sein  d'un  domaine,  il  faut  assurer  la  correspondance  des  mailles  d'une  fenetre  4  l'autre  pour  obtenir  un 
maillage  structure.  De  meme,  on  peut  vouloir  assurer  la  continuity  des  mailles  d'un  domaine  4  l'autre.  Pour  cela,  il 
suffit  de  d'assurer  pour  chaque  fenetre  legality  des  nombres  de  points  sur  deux  aretes  opposyes.  On  obtient  ainsi  un 
systfeme  d'yquations  linyaires  dont  la  ^solution  par  une  mythode  de  pivot  dytermine  le  maillage  des  aretes  4  partir 
de  la  donnye  d'une  density  de  points  et/ou  d'un  certain  nombre  de  ces  inconnues  (le  meme  procydy  est  utilisy  sous 
CAO  pour  fixer  les  nombres  de  points  du  fichier  gyomytrique).  Le  maillage  des  faces  est  obtenu  par  la  bunion  des 
maillages  des  fenetres.  Les  points  de  maillage  des  fenetres  de  paroi  sont  interpoiys  k  l'aide  d’une  reprysentation  par 
carreaux  de  Coons  bicubiques  et  les  autres  fenetres  sont  mailiyes  par  interpolations  transfinies.  Le  maillage  par 
fenetre  permet  de  bien  respecter  les  discontinuitys  de  pentes  de  la  paroi  qui  sont  gynyralement  prises  comme 
limites  de  fenetres.  Enfin,  les  domaines  sont  mailiys  par  interpolations  transfinies  &  partir  des  faces.  Un  exemple  de 
maillage  est  prysenty  sur  les  figures  14  et  15  4  partir  de  la  dycom position  multidomaine  prysentye  sur  les  figures  11a 
et  lib. 

Comme  nous  1'avons  prdcisd  en  introduction,  cette  procydure  est  encore  en  dyveloppement.  Ainsi,  un  certain 
nombre  de  fonctionnalitys  manquent  pour  l'instant : 

-  une  fonction  de  rypartition  de  points  est  associye  k  chaque  entity  gyomytrique  pour  permettre  les  raffinements  de 
maillage,  mais  cette  fonctionnality  n'est  pas  encore  implantye, 

-  le  processeur  de  maillage  est  encore  rudimentaire, 

-  nous  ne  disposons  pour  l'instant  d'aucune  technique  d'optimisation/adaptation  de  maillage :  aussi  nous  nous 
orientons  vers  l'implantation  d'un  optimiseur  basy  sur  la  minimisation  de  la  fonctionnelle  presentee  rycemment  par 
O.  P.  Jacquotte  (Ryfyrence  8). 

Nous  envisageons  ygalement  d'ytudier  une  procydure  d'aide  k  la  dycomposition  en  blocs  de  la  geometric 
pour  la  gendration  des  sous-domaines. 

4.3  Exemples 

Pour  illustrer  la  procydure  multidomaine,  deux  exemples  ont  yty  yvoquys  au  cours  du  chapitre  precedent.  Ils 
sont  dytailiys  dans  ce  paragraphe  : 

-  missile  classique  :  la  figure  10  prysente  le  maillage  multidomaine  du  missile  ASTER  ailes  minces.  Trois  sous- 
domaines  de  calcul  dyfinissent  le  domaine  total  :  un  4  l'extrados,  un  cl  l'intrados  et  un  entre  les  surfaces  portantes.  Ils 
ont  yty  gynerds  avec  PREMFCE  par  rotation  autour  de  1'axe  de  symytrie  du  plan  de  maillage  visualisy  sur  la  figure 
(dimensions  :  127x34  ).  Le  maillage  total  comprend  150  000  noeuds; 

-  missile  ayrobie  :  la  figure  11a  prysente  la  dycomposition  multidomaine  d’un  missile  gynyrique  adrobie 
semblable  k  celui  de  la  figure  3a.  Le  domaine  de  calcul  a  yty  ddcoupd  en  15  sous-domaines.  La  figure  lib  donne  une 
vue  dclatye  des  9  sous-domaines  intyrieurs  dont  6  seulement  possddent  une  fenetre  de  type  paroi.  Le  maillage  du 
sous-domaine  n°  4  (extrados  du  fuselage  arridre,  dyrive  et  empennage)  est  visualisd  en  figure  14  (dimensions  : 
17x21x69).  Il  s'agit  la  d'un  maillage  brut  n'ayant  encore  fait  l'objet  d'aucune  optimisation  et  gdndrd  directement  a 
partir  des  donnies  issues  de  la  CAO.  Le  maillage  surfacique  (15  000  noeuds)  et  quelques  plans  de  maillage  sont 
prysentds  en  figure  15. 


5  CONCLUSION 

Deux  procddures  de  traitement  de  gdomytries  et  de  maillage  pour  les  calculs  adrodynamiques  ont  yty 
dycrites.  La  premidre  est  orientde  vers  les  calculs  Euler  avec  une  technique  de  marche  en  espace  et  privildgie  une 
direction  particulidre  pour  dyfinir  la  gdomytrie  et  mailler  l'espace  de  calcul.  Elle  est  trds  largement  utilisde  k 
aorospatlalo  Division  Engins  Tactiques  dans  un  contexte  industriel  et  son  application  k  des  gdorndtries  aussi 
diverses  que  celles  des  missiles  ayrobies  ASMP  et  ANS,  de  la  navette  spatiale  HERMES  et  de  l'avion  de  transport 
supersonique  ATSF  prouve  rintdret  de  cette  approche.  La  seconde  est  une  gdndralisation  de  la  premiere  avec  une 
orientation  calculs  multidomaines.  Les  deux  procddures  sont  intimement  lides  k  l'utilisation  par  1'ayronumyricien 
d'un  systyme  CAO  interactif,  auquel  nous  avons  ajoutd  des  modules,  pour  dyfinir  les  domaines  de  calcul  et 
rdcupdrer  la  gdorndtrie  sous  une  forme  qui  permette  de  gdndrer  un  maillage  de  manidre  simple  et  interactive.  Le 
temps  ndcessaire  pour  traitor  une  gdorndtrie  complexe  et  lancer  le  premier  calcul  est  de  un  4  deux  jours  pour  la 
premiyre  procydure.  Le  temps  pryvu  pour  la  seconde,  qui  est  en  cours  d'achyvcment,  est  d’environ  une  semaine. 
Ceci  est  rendu  possible  par  la  minimisation  du  nombre  de  structures  a  gdrer  par  1'utilisateur  et  l'automatisation  des 
principales  taches. 


:  Calculs  effects  par  M.  Mortel  de  la  Division  Spatiale  dans  le  cadre  du  programme  ARIANE  5  4  la  Division 
Engins  Tactiques  avec  la  procydure  dycrite  ici. 

**  :  Calculs  effectuys  par  M.  Carlier  de  la  Division  Avions  k  la  Division  Engins  Tactiques  avec  la  procydure  dycrite  ici. 
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ANS  :  Missile  Antl-Navire  Supersonique 


Fig.  1  :  Missiles  aerobies  aerospatiale 


Fig.  2  :  Chaine  de  calcul  pour  la  procedure  de  marche  en  espace 


Fig.  3a  :  Missile  generique  aerobie 


Fig.  3b  :  G4om£trie  surfacique  CAO  de  la  partie  arrifcre 


Fig.  4  :  Exemples  de  surfaces  transparentes 


Fig.  5  :  Exemple  de  maillage  transversal  -  Missile  ASMP 
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Maillage  ct  resultat  dc  calcul  (nombre  Mach)  surfaciqucs 
-  Avion  dc  transport  supersonique  (Mach  2  -  incidence  4  °)  - 
Fig.  9 
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Fig  10  :  Maillage  multidomaine  d'un  missile  conventionnel  -  Missile  ASTER 


Fig.  11a  :  Decomposition  multidomaine  d'un  missile  non  conventionnel  -  Missile  generiquc  aerobie 
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Fig.  lib  :  Vue £clat6e des sous-domaines internes 


Fig-  IS  Surface's  du  maillage  niultidomainc  complet  -  Missile  generique  aerobie 


MESH  GENERATION  FOR  FLOW  COMPUTATION  IN  TURBOMACHINE 


by 

M.Goutines  and  G.Karadimas 
SNECMA  -  Villarochc 
77550  Moissv  Cramayel 
France 

C'.Hah 

General  Electric  Company 
United  States 


ABSTRACT 


This  paper  deals  with  building  grids  for  flow  computation  in  turbomachine  applications.  H,I,C,  and 
0  types  are  discussed  for  20  or  3D,  inviscid  or  viscous  flow  cases.  The  given  examples  concern  3D  Euler 
application  on  a  fan  with  part-span  damper  and  splitter,  2D  Nav ier-Stokes  on  turbine  and  compressor  tran¬ 
sonic  cascades  and  30  Navier-Stokes  on  a  transonic  fan 


1  -  INTRODUCTION 


In  recent  years  air  flow  computation  in  turbomachines  have  permitted  more  efficient  fan  and  turbi¬ 
ne  designs  [1],  In  addition  these  computations  reduce  the  number  of  time  and  cost  consuming  tests.  All 
modern  numerical  codes  use  a  grid  as  a  space  discretisation. 

Grid  generation  is  a  primary  part  of  obtaining  numerical  solutions  to  the  two  or  three-dimensional 
inviscid  or  viscous  flow  inside  turbomachinery.  Computation  of  three-dimensional  viscous  flow  inside 
cascade  of  airfoils  with  arbitrary  endwalls  or  complex  geometries  such  as  dampers  requires  many  addi¬ 
tional  constraints  for  grid  generation.  For  the  current  study,  only  structured  qrids  without  any  solu¬ 
tion  adaptation  will  be  discussed.  Both  unstructured  grids  and  grid  adaptation  provide  additional  ways 
to  reduce  overall  grid  size  for  a  given  physical  problem,  their  application  to  three-dimensional  vis¬ 
cous  flows  in  a  turbomachinery  needs  further  development. 


2  -  PARTICULARITIES  OF  TURBOHACHINE  MESH 

Most  of  flow  computation  methods  in  turbomachine  use  cylindrical  coordinates  (R,  radial  coordi¬ 
nate  ;  e  ,  tangential  coordinate  ;  Z  axial  coordinate).  Then  the  mesh  is  drawn  on  an  axisymetric 
sheet  for  the  two-dimensional  case  (  O  ;  m,  meridional  coordinate).  For  the  classical  three-dimen¬ 
sional  case,  mesh  is  build  by  stacking  several  two-dimensional  meshes.  For  complex  geometries  (such  as 
non  axisymetric  hub,  non  axisymetric  dampers,  etc.)  more  efficient  mesh  generators  are  needed.  Rotors 
or  stators  have  many  airfoils.  In  order  to  save  computation  time  and  simplify  the  topology  the  mesh 
is  limited  to  one  airfoil  channel  and  a  periodicity  condition  is  used  in  ©-direction  (fig.1).  Ups¬ 
tream  and  downstream  flows  (Z  -  direction)  are  assumed  to  have  axisymetric  field  for  some  aerodynamic 
parameters  but  with  non-zero  radial  and  axial  gradients.  This  is  why  upstream  and  downstream  bounda¬ 
ries  are  axisymetric  surfaces  and  very  often  they  are  a  plane  normal  to  the  turbomachine  rotation  axis- 
This  choice  makes  easier  the  treatment  of  periodicity  conditions.  Conditions  on  hub  and  tip  surfaces 
are  classical  wall  conditions.  Last  characteristics  of  turbomachine  airfoils  are  the  high  level  of 
camber,  specially  for  turbine  blades,  or  the  high  stagger,  specially  for  transonic  fans. 

The  suitable  mesh  qualities  for  flow  computation  in  turbomachine  are  : 

-  good  regularity 

-  good  orthogona 1 i ty 

-  easy  introduction  of  periodicity  condition 


3  -  DISCUSSION  ABOUT  MESH  TYPES 


An  H-grid  (fig. 2)  has  been  used  very  widely  for  inviscid  and  viscous  flow  computations.  Although 
H-grid  has  very  good  far  field  properties  and  is  easy  to  apply  to  periodicity  condition,  the  grid 
tends  to  skew  significantly  when  applied  to  transonic  fans  and  highly  cambered  turbine  blades.  With 
the  recent  improvement  in  grid  generation  technique  (either  elliptic  or  algebraic),  most  leading  edge 
and  trailing  edge  problems  can  be  avoided.  However,  the  overall  skewness  of  the  grid  remains  still  too 
high  for  three-dimens iona 1  viscous  flow  computation.  For  the  three-dimensional  Euler  equations,  using 
a  good  stability  solver  such  as  Lax-Wendroff-Ni  finite  volumes  scheme,  H-grid  can  be  performed  on 
transonic  fans  with  splitter  and  dampers  (see  chapter  4). 

In  viscous  flow  computation,  near  the  endwall  region,  a  good  quality  grid  is  necessary  in  the  mid¬ 
dle  of  passage  as  well  as  near  the  blade.  A  single  0-grid  or  C-grid  (fig.?)  provides  good  grid  reso¬ 
lution  around  the  blade  and  in  the  wake  (C-grid).  But  the  single  0-grio  or  C-grid  becomes  very  skewed 
at  the  inflow  and  periodic  boundaries  due  to  the  constraint  of  spacial  periodicity 
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An  I-grid  which  can  be  treated  as  a  generalized  H-grid,  provides  reasonably  good  grid  resolution 
near  the  blade  as  well  as  the  far  field.  With  the  I-grid  spatial  periodicity  of  the  grid  at  the  perio¬ 
dicity  surface  is  no  more  forced  and  the  physical  periodicity  condition  is  handled  inside  the  code  by 
higher  order  interpolation  of  variables,  good  orthogonality  of  the  grid  can  be  maintained  near  the 
blade  surface  and  at  periodic  surfaces  with  most  elliptic  or  algebraic  grid  generation.  Although  a 
single  I-grid  can  be  used  efficiently  for  most  regular  blade  row  description,  significant  portion  of 
grids  can  be  saved  by  wrapping  an  0-grid  or  C-grid  inside  the  I-grid  when  large  number  of  grids  are 
required  near  the  blade  for  boundary  layer  resolution. 

For  two-dimensional  flow  calculation,  different  physical  assuptions  can  be  also  applied  on  the 
domain  surrouding  the  profile,  a  full  Reynolds-averaged  Navier-Stokes  equation  can  be  integrated  while 
inviscid  assumption  can  be  made  on  the  remaining  domain  for  economy  of  solution.  However,  these  as¬ 
sumptions  cannot  be  applied  for  three-dimensional  flow  calculation  because  of  viscous  flow  effects  of 
endwalls.  In  chapter  5  we  provide  various  examples  of  using  combined  I,  C,  0-grids  and  subdomains 
technique 

4  -  EXAMPLES  OF  30  EULER  COMPUTATIONS 


The  3D  Euler  code  here  discussed  has  been  firstly  developped  for  single  smooth  compressor  blades 
[2,  3],  then  part  span  damper  was  introduced  [4]  and  finally  we  added  downstream  splitter  for  fan  ap- 
pl  ications. 

The  sheets  supporting  channel  grids  are  axisymetric  stream  tubes  provided  by  a  through  flow  calcu¬ 
lation  (fig. 3).  A  simple  algebric  H-grid  is  used  with  a  regular  tangential  distribution  of  points.  The 
periodic  boundaries  start  at  the  leading  edge  (or  trailing  edge)  with  the  airfoil  meanline  slope  and 
become  meridional  lines  in  the  far  field.  In  the  axial  direction  particular  lines  are  fitted  with  the 
meridional  projection  of  leading  and  trailing  edge  curves.  In  upstream  and  downstream  region  grids 
lines  are  spaced  according  constant  rate  increase  instead  of  equal  spacing  which  is  used  inside  the 
blade  row. 

The  use  of  compatibility  equations  to  impose  boundaries  conditions  [2]  permits  arbitrary  distri¬ 
bution  of  the  points  on  the  periodic  boundaries  and  tangential  overlaping  is  not  needed,  brio  ortho¬ 
gonal  isation,  using  Poisson's  equation,  has  been  tested  but  in  many  case  it's  not  necessary. 

To  compute  velocity  field  around  fan  blade  including  part  span  damper  and  downstream  splitter  ef¬ 
fects  we  use  multi -domain  technique  (fig. 4).  One  domain  is  extending  from  the  hub  to  the  streamline 
of  the  splitter  lower  surface,  the  second  from  the  streamline  of  the  splitter  upper  surface  to  the 
part-span  damper  streamline  and  the  third  from  the  part-span  damper  streamline  to  the  external  casing. 
Grid  are  generated  on  each  domain  by  a  technique  similar  to  that  used  for  smooth  blades.  Figure  5 
shows  an  example  of  such  kind  of  mesh,  the  total  number  of  mesh  points  is  22000.  For  both  cases 
(blade  only  and  blade  +  part-span  +  splitter),  figures  6  and  7  gives  the  isomach  lines  on  the  suction 
Surface  view  and  on  a  bl ade-to-bl ade  view.  A  shock  appears  clearly  on  the  damper  and  the  splitter  ef¬ 
fect  can  be  notted  on  the  lower  part  of  the  blade 

5  -  EXAMPLES  OF  2D  AND  3D  NAVIER-STOKES  COMPUTATIONS 

In  figure  8  an  1-0  type  grid  is  shown  for  a  transonic  turbine  rotor  blade.  Detailed  grid  near  the 
trailing  edge  is  shown  in  Figure  9.  Various  sizes  of  0-grid  can  be  wrapped  around  the  airfoil  inside 
the  I-grid  for  the  resolution  of  boundary  layer  growth.  As  shown  in  Tigure  9,  good  orthogonality  of 
grid  is  obtained  near  the  trailing  edge  where  a  trailing  edge  shock  system  is  anticipated.  The  compu¬ 
ted  static  pressure  contours  are  shown  in  Figure  10  and  detai led  trailing  edge  region  is  given  in  Figu¬ 
re  11.  The  results  in  Figure  10  and  11  are  based  on  a  grid  size  of  7000  nodes.  The  accuracy  of  the  so¬ 
lutions  are  good  for  the  given  grid  size.  Detailed  velocity  near  the  trailing  edge  is  shown  in  Figure 
12.  The  numerical  solution  was  obtained  with  a  upwind  relaxation  method  The  laminar-to-turbulent 
transition  and  turbulence  is  modeled  with  a  two-equation  turbulence  model  with  a  low  Reynolds  number 
modification. The  details  of  the  numerical  scheme  is  given  in  [5]. 

The  next  examples  are  a  solution  of  the  two-dimensional  Reynolds-averaged  Navier-Stokes  equations 
completed  by  the  mixing  length  turbulence  model.  Numerical  scheme  is  the  explicit  Lax-Wendroff-Ni  fi¬ 
nite  volumes  technique.  More  details  about  applications  to  cascade  airfoils  are  in  Ref. [6].  Multigrid 
steps  an  local  time  step  are  used  in  order  to  reduce  computation  time.  We  use  a  multi-domain  technique 
and  eomnat ibi 1 i t ies  equations  are  employed  on  all  boundaries. 

The  first  application  uses  navier-Stokes  solver  on  two  !-grids  put  on  both  profile  sides  (Fig. 13). 
An  Euler  solver  is  applied  on  the  remaining  I-grid  in  the  upstream  domain.  The  boundary  slope  between 
the  two  Navier-Stokes  domain  is  continuous  with  meanline  profile  slope  and  upstream  and  downstream 
domain  shape  is  the  classical  one  adopted  for  H  or  I-type  grids.  Normaly  to  the  prof i le .meshes  are 
spaced  according  to  a  geometrical  progression.  This  permit  to  have  a  mesh  size  near  the  blade  consis¬ 
tent  with  the  thickness  of  the  viscous  wall  layer  without  unacceptable  increase  of  the  number  of  nodes- 
On  the  far  wake  wider  meshes  are  allowed.  The  axial  spacing  is  similar  to  those  used  in  3D  Euler  ap¬ 
plication.  This  kind  of  grid  does  not  take  in  account  the  actual  leading  edge  shape  and  bow-shock  can¬ 
not  appear.  However  most  of  the  flow  field  is  accurately  computed  and  a  solution  is  given  in  fig. 14 
for  a  grid  having  18963  nodes.  The  lambda-shape  on  the  shock/boundary  layer  interaction  zone  is  clear¬ 
ly  shown. 

The  second  application  uses  C-grid  (Navier-Stokes  solver)  around  the  profile  and  a  I-grid  for  the 
remaining  upstream  reqion  (Euler  solver).  In  fact  the  C-grid  is  built  by  adding  two  I-grids  at  a  small 
C-region  around  the  leading  edge.  Then  a  orthogoral i sal  ion  method  with  relaxation  is  applied  to  this 
domain  and  the  nodes  are  renumbered.  Fig.  15  shows  an  example  of  such  grid  with  20507  nodes.  On  the 
boundary  between  C  and  I  domain  the  nodes  are  the  same  for  both  grids  The  numerical  solution  is 
given  on  Fig. 16  and  one  can  see  on  a  zoom  the  accurate  computation  of  the  oblique  shock  becoming  bow- 
shock  near  the  leading  edge.  The  remaining  flow  field  is  nearly  the  same  as  that  computed  with  I-grid. 
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The  last  example  is  obtained  with  an  1-0  type  grid  (Fig. 17)  for  a  modern  transonic  fan  [7],  The 
grid  shows  good  orthogonality  near  the  leading  edge  at  the  blade  tip  where  a  leading  edge  shock  system 
is  expected.  The  computed  endwall  static  pressure  contours  are  compared  with  measured  data  and  invis- 
cid  Euler  solution  in  Figure  18. 

6  -  CONCLUSIONS 


Several  structured  mesh-types  are  used  in  turbomachine  applications. 

For  the  current  3D  Euler  codes  H  or  I  types  are  widely  employed.  They  are  often  sufficient  for 
accurate  computation  and  they  have'  good  qualities  in  the  upstream  and  downstream  zones. 

For  2D  or  3D  Navier-Stokes  codes,  C  or  Q  types  permit  a  good  representation  of  the  complex  tran¬ 
sonic  viscous  flow  at  the  leading  edge  or  at  the  trailing  edge  and  in  the  wake.  So,  several  types  of 
grids  are  used  together  in  order  to  combine  their  qualities.  1-0  or  I-C  grids  have  been  tested  and  the 
results  are  presented  in  this  paper. 
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ABSTRACT 

A  numerical  method  for  solving  the  three-dimensional  unsteady  Euler  equations  on  dynamic  multiblocked 
grid-,  about  complex  configurations  in  transonic  flow  is  presented.  Two  configurations  are  considered.  The  first 
is  a  wing  pylon-store  configuration  with  the  store  in  the  captive  position,  and  then  vertically  launched  from  the 
wing- pylon  The  second  is  a  counter-rotating  unducted  propfan.  The  numerical  results  are  validated  by  com¬ 
parisons  with  available  experimental  data. 


1.  INTRODUCTION 

Computational  fluid  dynamics  (CEDi  has  matured  to  the  point  that  steady-state  numerical  solutions  have 
been  obtained  for  the  flow  about  complex  three-dimensional  configurations.  These  steady-state  solutions  are 
computationally  expensive,  but  unsteady  solutions  for  complex  configurations  are  so  much  more  expensive  that 
they  become  totally  impractical  for  most  of  the  technical  community  Part  of  the  reason  for  the  enormous 
expense  of  unsteady  solutions  is  that  the  permissible  time  step  is  usually  restricted  by  the  numerical  algorithm 
and  not  the  physics  of  the  flow  considered.  Small  computational  cells,  even  if  there  are  relatively  few  in  number 
such  as  near  a  solid  surface,  can  greatly  increase  the  number  of  time  steps  required  to  complete  the  motion.  By 
removing  or  reducing  the  time  step  restriction  in  the  numerical  algorithm,  far  fewer  time  step'  can  be  used  while 
still  capturing  the  essential  phy  sics  of  the  flow  The  purpose  of  this  paper  is  to  address  steady  and.  in  particular, 
unsteady  solutions  of  the  Euler  equations  for  relatively  complex  three-dimensional  configurations  The  numeri¬ 
cal  algorithms  will  he  discussed  with  regard  to  stability  and  the  corresponding  allowable  time  steps  A  method 
U'cd  in  generate  three-  dimensional  blocked  grids,  such  as  used  in  this  work,  is  described  in  another  paper  at  this 
Specialists'  Meeting  Consequently,  other  than  techniques  used  to  manipulate  blocked  grids  that  move  relative  to 
one  another,  the  cmph.i'i'  here  will  be  on  the  method  used  to  obtain  steady  and  unsteady  flow  solutions  and  not 
on  end  generation  Selected  numerical  results  will  be  presented  and  compared  with  experimental  data,  where 
available,  lm  the  following  configurations  in  transonic  flow:  (1)  wing -pylon-store  and  (2)  counter-rotating 
iindi.,  ten  propfan 

2.  EQUATION  FORMULA  i  l( IN  AND  NUMERICAL  ALGORITHM 
Conservative  Model 

I  he  ultimate  goal  in  computational  Hinds  is  to  mininn/e  the  approximations  to  the  most  fundamental  model- 
me  equations,  pi  csumahlv  to  salvage  most  of  the  physics,  while  attaining  modest  execution  times  on  the  available 
equipment  I  radition.illv  the  analysis  of  rotating  machinery  beams  with  the  casting  of  the  modeling  equations  in 
,i  cylindrical  reference  frame  in  an  effort  to  benefit  from  the  time-asymptotic  steady  state  solutions  which  exist 
lor  particular  ont igm aiinns  One  of  ihe  goals  here,  however,  is  to  produce  field  simulations  of  general  complex 
rotating  conligurations,  including  those  containing  interacting  components  Hence,  the  solutions  sought  are  ot 
genuine  unsteady  flow  fields  In  the  interest  of  computational  brevity,  an  assumption  of  a  nonconducting,  invis- 
-■id  pei  feet  c.is  with  no  body  forces  will  be  made  It  is  anticipated  that  viscous  flow  field  simulations  can  be 
produced  with  only  minor  modifications  to  the  procedures  outlined  herein.  Efforts  toward  this  end  are  presently 
underway  In  this  liglu.  the  unsteady  three  dimensional  Euler  equations  in  conservative  differential  form  are 
I;, in-formed  tii-ni  a  <  arie'i  n  reference  frame  lo  the  time  dependent  body  fitted  curvilinear  reference  frame1 
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with  the  contravariant  velocities 

U  =  hxU  +  hyv  + 1 ,w  + 1, 


V  =  t]xu  +  rjyV  +  r)t\v  +  rj, 


W  =  £,u  +  £yv  +  +  £, 


The  Jacobian  of  the  inverse  transformation,  i.e.  d(x,y,z)/d(h,r/,h),  is  given  by 

J  =  -  vc)  -  y«(vt  -  vc) +  ^v^uyi  -  jw 


and  the  metric  quantities  are 
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The  approach  taken  here  is  based  on  the  integration  of  the  Euler  equations  in  conservation  law  form  over 
discrete  contiguous  volumes  in  computational  space.  This  formulation,  commonly  referred  to  as  a  finite  volume 
method,  yields  the  following  discretized  integral  expression  for  a  three-dimensional  computational  space  with 
finite  volume  (cell)  centers  denoted  i,j,k: 


92  6£  6jG  6yH 
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or  with  Ah  «  At?  *  A£  -  1 
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In  this  expression  the  components  of  the  dependent  variable  vectors,  Ql-Jik,  represent  average  values  for  the 
i.j.k  cell.  It  is  therefore  evident  that  some  method  must  be  devised  to  accurately  represent  the  vector-valued  flux 
functions  F(Q),  G(Q),  and  H(Q)  on  the  bounding  surfaces  (faces)  of  the  cell.  One  of  the  methods  used  in  this 
study  is  based  on  a  one-dimensional  analysis  of  the  Riemann  problem  local  to  each  interface,  established  by  the 
discontinuous  nature  of  the  dependent  variable  vector  Q  within  the  spirit  of  a  finite  volume  field.  To  facilitate  the 
introduction  of  the  method  used  in  this  study,  a  digression  to  a  one-dimensional  Cartesian  space  is  in  order. 


First  Order  Flux  Formula 

The  analogous  (to  Eq.  (3))  discretized  integral  form  of  the  Euler  equations  written  for  one  spatial  dimension 
in  Cartesian  space  appears  as 


(4) 


I 


dt  &JC 


Godunov2  proposed  a  procedure  to  obtain  a  global  solution  to  Eq.  (4)  by  solving  the  set  of  Riemann  problems 
presented  by  the  interface  discontinuities.  The  Riemann  problem  local  to  each  interface  is  costly  to  solve  exactly, 
due  to  the  necessary  iteration.  Many  investigators3,4,5,6  have  made  attempts  to  lessen  this  computational  expense 
by  approximating  the  solution  of  the  Riemann  problem.  In  essence  these  methods  yield  an  approximate  solution 
to  the  exact  equation,  and  hence  are  dubbed  'approximate  Riemann  solvers’. 

In  (7],  Philip  Roe  suggests  an  alternate  procedural  choice.  Roe  proposed  to  obtain  the  exact  solution  to  an 
approximate  equation.  The  cleverness  of  Roe  is  evidenced  by  his  choice  of  approximate  equation.  Consider  the 
quasilinear  form  of  Eq.  (4)’s  parent  conservation  law, 


dq  T.  dq 
di  {qL'q«]  dx 


(5) 


where  A(qL,qK)  is  a  constant  matrix  representative  of  local  interface  conditions.  Matrix  A  is  chosen  to  have  the 
following  specific  list  of  properties,  which  Roe  "christened  Property  U  (since  it  is  intended  to  ensure  uniform 
validity  across  discontinuities)": 


1.  It  constitutes  a  linear  mapping  from  the  vector  space  q  to  the  vector  space  f. 

_ 

2.  As  qL  —  qK  -»  q,  A(qL,  qR)  - *  A(q),  where  4  =  —  . 

3.  Eor  any  qL,qx,  *{qL,qR)  '  (<?*-<?,.)  =  /x-/r.- 

4.  The  eigenvectors  of  a  are  linearly  independent. 

Restricting  A  to  thejatisfaction  of  Property  U  results  in  a  special,  unique8  averaging  process  for  the  dependent 
variables  from  which  A  is  constructed.  Referred  to  as  "Roe  averaged”,  the  dependent  variables  are  given  by  the 
following  expressions: 
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where  the  total  enthalpy,  H,  is  defined 
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V 

The  interface  flux  difference  can  be  expressed  as 

df-f„  -k  -  A  ’  (q„-qL)  *A  dq 


(6d) 

(7) 


where  A  is  constructed  with  "Roc  averaged”  variables.  Armed  with  the  cigensystem  of  A  and  the  knowledge  that 
the  interface  differential  dq  is  proportional  to  the  right  eigenvectors_of  A  (as  shown  in  |9|).  the  interface  flux 
difference  can  be  written  relative  to  the  right  eigenvector  basis  of  A  as 


df  =  £  1  =  nJklJ)r(J'  +  £  aJ.'J>r,J)  =  df'  +  df 


IS) 


Physically,  the  flux  difference  is  shown  to  be  the  composition  of  a  collection  of  waves.  In  Eq.  (8),  'v'  is  a  right 
eigenvector  of_4;  t,  is  the  strength  of  the  /*  wavejthe  jump  in  the  characteristic  variable  across  it).  T-'  is  an 
eigenvalue  of  A  (the  speed  of  the  f  wave);  and  £  and  denote  summation  over  the  negative  and  positive 
wave  speeds,  respectively 


The  interface  flux  can  be  computed  from  either  of  the  following  formulae 
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This  first-order  interface  flux  formula,  commonly  referred  to  as  flux  difference  splitting  (FDS),  which  was 
developed  for  the  one-dimensional  equations  can  be  used  in  a  multidimensional  space  provided  the  assumption  is 
made  that  all  waves  travel  normal  to  their  respective  interfaces.  Also,  the  special  averaging  process  follows 
directly  for  each  component  of  the  velocity  vector  in  multidimensional  space. 


In  order  to  provide  solutions  of  higher  spatial  accuracy,  a  family  of  schemes  can  be  represented  by  the 
addition  of  a  corrective  flux  to  the  first-order  interface  flux,  Eq.  (9),  produced  in  the  preceding  analysis.  Hence 
the  higher  order  interface  flux  is  given  by: 


The  principal  part  of  the  truncation  error  for  this  flux  formula  is  found  to  be 


1-1/3)  ,,  33  „  , 


The  details  (common  names,  order  of  accuracy,  etc.)  of  the  members  of  this  family  can  be  found  in  [11,12].  Two 
members,  third-order  (<j>  =  1/3)  and  fully  upwind  second-order  (#  =  -l)  were,  by  choice,  exclusively  used 
(examined)  in  this  work. 

The  discussion  of  a  higher  order  scheme  inherently  involves  a  method  used  to  control  spurious  oscillations, 
i.e.  dispersive  errors.  The  method,  actually  methods,  used  in  this  work  concern  limiting  components  of  the 
interface  flux  to  produce  total  variation  diminishing  (TVD)  schemes,  i.e.  nonoscillatory  schemes.  The  following 
formulas  have  theoretical  development  as  TVD  schemes  only  in  scalar  nonlinear  equations  and  systems  of  linear 
equations  in  one-dimension.  The  use  of  "limiters"  yields  the  following  expressions  for  the  corrective  flux  terms: 


C,/2  =  x%(  J.-D'XU 
C-,/2  -  X%(-  1. 
df:U2  =  X'M'.3)Tm/2 
df:  3/2  =  rw)^/2 


(12) 


One  of  the  limiters  studied,  referred  to  as  a  minmod  limiter,  is  implemented  by  way  of  the  following  definition 
of  the  L  function 

L,(m.n)  =  minmod{a^m/vtia^\n)  (13) 

with  &r',a  parameter  proportional  to  the  change  in  dependent  variable'  across  nearby  interfaces,  detined  by 


°lJ\  LI  ~  4  a, ,  .  ii  =  l  l  dq  e> 
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where  tJ)  is  a  left  eigenvector  of  a  The  minmod  limiter  is  then  defined 
minmcd\x,y\  =  sign(x)  max  (0,  rm>i(|x|.v  sign(x)]} 
and  the  parameter  fi  is  a  "compression”  parameter  given  by 


In  this  work  the  maximum  fi  was  used  in  all  cases 

Another  limiter  studied,  this  one  credited  to  Roe13,  is  called  Superbee.  It  is  implemented  as  follows 

/./m,  n)  =  cmPlim(a^„n,  ff^/2)  (16) 

where 

cmplim (jc, y|  =  sign(x)  max  {0,  min||.i|,  fiy  iigrt(r)],  min|/J|x|,  y  .rign(.i)|)  (17) 

and  another  compression  parameter  p.  differing  from  that  defined  by  Eq  (15b),  is  taken  here  to  be  two. 


In  light  of  the  fact  that  Eq.  (3)  has  yet  to  be  integrated  in  time,  no  mention  has  been  made  as  to  what  time  level 
the  numerical  interface  fluxes  appearing  on  the  RHS  are  evaluated  The  underlying  theory  of  the  approximate 
Riemann  solver  presented  thus  far  is  based  on  explicit  concepts  which  result  in  an  unattractive,  rather  stringent 
time-step  restriction  Equation  (3)  can  be  written  in  a  linearized  discrete-integral  delta  form  to  cover  a  broad 
class  of  explicit  and  implicit  schemes'* 
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Some  of  the  implicit  time  differencing  schemes  represented  are  (0=1,  tp=1/2)  three  point  backward, 
(0=1,  y>  =  0)  backward  Euler,  and  (0=  1/2,  if>  =  0)  trapezoidal. 

Formally,  all  terms  appearing  in  this  equation  should  result  from  a  single  flux  formulation.  Superior  results 
have  been  obtained,  though,  by  evaluating  the  residual  term  R"  with  flux  difference  split  theory,  and  the  left- 
hand-side  (LHS)  operator  with  flux  vector  split  (FVS)  theory,  see  [15  and  16].  The  rationale  behind  this  is 
presently  attributed  to  the  more  dissipative  nature  of  the  FVS  theory.  The  following  expressions,  Eq.  (19  and  20), 
complete  Eq.  (18)  for  this  hybrid  scheme 

AT-  =  3, Af-  +  3, At  +  <5,0  *■  +  3,Bt  +  <5*C*.  +  <5tC'  (19) 


with 
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where/7*,  F~,  G*,  ...  result  from  Steger-Warming  flux  vector  split  theory  with  the  elements  of  4*,  A~,  0*. .. 
being  given  in  [17],  also 

R "  =  3,Fn  +  <5,G"  +  djr  (20) 


where.  F,  G.  and  H  result  from  the  flux  difference  split  theory  discussed  herein. 


The  LHS  of  Eq.  (18)  tends  to  be  cumbersome  and  difficult  to  invert,  not  to  mention  very  costly.  In  light  of  this, 
the  LHS  was  approximately  factored  into  the  product  of  two  operators,  each  of  which  involve  the  passage  of 
selected  information.  Here  a  forward  and  backward  operator  are  used  (block  LU  factorization),  yielding  the 
following  two  step  (LU)  scheme: 


or 
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(22a) 

(22b) 


i  C"’'  =  C"  +  AC"  (22c) 

Although  factoring  has  been  shown  to  degrade  the  unconditional  stability  of  Eq.  (18),'*  it  has  been  our 
experience  that  the  (LU)  scheme  apparently  retains  this  touted  attribute.  Equations  (22)  are  in  the  final  form  of 
I  the  mathematical  model  developed  for  the  time-accurate  analysis 

Boundary  Conditions 

Since  the  approximate  Riemann  solver  is  a  characteristic  based  scheme,  the  characteristic  variable  boundary 
l  conditions  developed  in  [1]  relative  to  a  three-dimensional  time-dependent  body-fitted  reference  frame  for 

inflow,  outflow,  and  impermeable  boundaries  are  employed  where  applicable.  As  in  [ll,  phantom  cells  are 
utilized  to  implement  these  boundary  conditions.  The  changes  in  dependent  variables  ( AQ [*),  and  AC’, are  set  to 
zero  in  the  phantom  cells  for  inflow,  outflow,  and  impermeable  boundaries. 

3.  BLOCKED  GRIDS 

As  mentioned  in  the  introduction,  the  scope  of  this  work  can  encompass  extremely  complex  fiowfields  as  well 
as  complex  geometries  At  times,  in  order  to  adequately  resolve  these  fiowfields,  an  enormous  number  of  cells 
are  required.  With  the  present  formulation,  approximately  190  vital  pieces  of  information  must  be  known  for 
each  cell  (up  to  1 15  simultaneously).  Bearing  this  in  mind,  it  is  easy  to  see  how  the  vast  majority  of  present-day 
supercomputers  are  unable  to  support  such  calculations  due  to  insufficient  internal  (primary)  memory.  In  addi¬ 
tion,  the  mesh  (grid)  for  most  complex  geometries  is  more  easily  generated  in  pieces,  where  each  piece  generally 
conforms  to  a  single  component  of  the  overall  configuration.  These  are  but  a  couple  of  the  reasons  which  can  be 
cited  for  the  segmenting  of  one  virtually  insurmountable  flow  environment  into  several,  smaller,  more  manage¬ 
able,  intercommunicating  flow  environments 


This  segmenting  is  commonly  referred  to  as  composite  gridding  the  field,  of  which  there  exist  three  common 
methods:  overlaid,  patched,  and  blocked.  Examples  include:  the  chimera  (overlaid)  scheme  of  Benek,  Buning, 
and  Steger19,  the  zonal  (patched)  scheme  of  Rai  ,  and  the  dynamic  block  scheme  of  Belk17.  The  approach  taken 
here,  a  dynamic  blocked  grid  method,  is  similar  to  that  taken  by  Belk.  In  [17],  Belk  investigated  many  of  the 
dilemmas  posed  when  attempting  time-accurate  simulations  of  flowfields  while  using  a  blocked  grid  structure  of 
a  dynamic  (moving)  mesh.  His  emphasis  was  on  the  formidable  task  of  developing  a  computer  algorithm  to 
handle  a  completely  arbitrary  arrangement  of  generally  dissimilar  blocks.  Belk’s  general  approach  was  used  here 
for  the  wing-pylon-store  computations.  Unfortunately,  this  general  approach  adds  to  the  complexity  of  the  code. 

For  the  wse  of  turbomachinery,  the  nature  of  the  geometry  suggests  possible  block  arrangement  and  charac¬ 
teristic  restrictions  which  can  yield  significantly  simpler  algorithm  logic.  Hie  block  structure  proposed  here  for 
the  specific  case  of  dynamic  cylindrical  geometries  (generally,  bladed  or  finned  bodies  of  revolution)  will  be 
referred  to  as  selected  similarity  mapped  multiblock.  For  details  of  the  block  arrangement  for  the  special  case  of 
turbomachinery,  see  [21]  and  [22].  For  a  discussion  of  the  general  case,  see  [17]  and  [23]. 


4.  RESULTS 

Numerical  results  are  presented  for  store  aerodynamics  involving  the  mutually  interfering  transonic  flow 
about  a  wing-pylon-store  configuration,  in  both  the  captive  and  launch  positions.  Also,  results  are  presented  for 
rotating  machinery  involving  a  counter-rotating  unducted  propfan  propulsion  system. 

Wing-Pvlon-Store 

Steady  state  multiblock  solutions  are  demonstrated  by  computing  the  flow  about  the  wing-pylon-store  con¬ 
figuration  with  the  store  in  the  captive  position.  Unsteady  dynamic  multiblock  solutions  are  demonstrated  by 
computing  the  flow  about  the  complete  multibody  configuration  as  the  store  moves  away  from  the  parent  wing- 
pylon  configuration  through  a  vertical  launch  trajectory.  Unfortunately,  no  experimental  data  is  available  for 
comparison  with  the  unsteady  moving  store  solution;  however,  experimental  data  is  available  for  the  captive 
position  and  is  compared  with  the  numerical  solutions. 

The  wing-pylon-store  configuration  considered  was  the  same  as  that  used  in  wind  tunnel  experiments.  The 
basic  configuration  is  shown  in  Fig.  1  with  the  store  in  the  captive  position  and  in  Fig.  2  with  the  store  located  two 
store  diameters  below  the  pylon.  The  wing  was  a  symmetrical  airfoil  and  the  leading  edge  was  swept  45  degrees. 
The  store  was  an  ogive-cylinder  with  a  cylindrical  sting  joined  to  the  store  boattail.  The  pylon  was  a  biconvex 
airfoil  shape,  and  a  small  gap  existed  between  the  store  and  pylon  in  both  the  experimental  and  computational 
configuration.  The  complete  grid  was  composed  of  30  blocks. 

The  numerical  solution  was  run  for  a  freestream  Mach  number  of  0.85  and  zero  degree  angle  of  attack. 
Numerical  and  experimental  surface  pressure  distributions  on  the  outboard  and  inboard  sides  of  the  store  in  the 
captive  position  are  shown  in  Figs.  3  and  4,  respectively.  Notice  that  there  is  a  large  lower  pressure  region  on  the 
inboard  side  of  the  store  (Fig.  4)  than  on  the  outboard  side  of  the  store  (Fig.  3).  Figure  5  is  included  to  show  that 
'  the  same  thing  happens,  computationally  and  experimentally,  on  the  pylon.  The  result  of  this  pressure  differen¬ 

tial  would  be  that  a  released  store  would  have  an  initial  side  force  that  would  push  the  store  toward  the  fuselage 
rather  than  away  from  the  fuselage. 

The  reason  for  the  pressure  being  lower  on  the  inboard  side  of  the  store  and  pylon  is  attributed  primarily  to  the 
presence  of  the  store.  Figure  6  is  used  to  argue  this  point.  This  figure  compares  computations  corresponding  to 
the  store  dropping  through  a  point  two  store  diameters  away  from  the  pylon  with  steady  state  experimental  data 
lu.  the  wing  and  pylon  only  (no  store)  at  the  same  flow  conditions.  Notice  that  the  inboard  and  outboard  pres¬ 
sures  on  the  pylon  without  the  store  present  are  now  much  closer  to  the  same  values.  (One  should  note  that  it  is 
,  dangerous  to  compare  unsteady  computations  with  steady  state  experimental  data,  but  unsteady  experimental 

data  are  not  available  and  the  assumption  is  made  that  the  store  being  two  diameters  away  will  not  significantly 
influence  the  unsteady  flow  about  the  wing  and  pylon.) 

Counter-Rotatine  Propfan 

1  The  configuration  considered  is  the  GE  UDF8-8,  a  counter-rotating  unducted  fan  immersed  in  an  oncoming 

Mot,  =  0.7  axial  flow,  see  Fig.  7.  The  configuration  has  two  fan  rows  with  eight  blades  per  row.  The  fore  row 
t  rotates  clockwise  and  the  aft  row  rotates  counterclockwise.  Both  blade  rows  rotate  with  an  advance  ratio,  J,  of 

2.8.  The  higr.'y  swept,  tapered,  twisted,  thin  blades  are  designed  to  reduce  the  axial  Mach  number  through  the 
)  blading  to  alleviate  compressibility  losses. 

The  at  =  0°  solutions  appearing  herein  and  in  J 24)  were  obtained  using  only  two  blocks,  one  per  blade  passage 
!  (benefitting  from  solution  symmetry).  Although  only  two  blocks  were  used,  axial  interblock  communication  was 

implemented  with  a  full  buffer  ring  (temporary  storage  area  for  injected  or  extracted  data).  The  procedure 
j  involves  extracting  data,  imaging  the  data  to  form  a  full  360 *  communication  buffer  ring,  then  allowing  the 

appropriate  data  to  be  injected  based  on  the  positional  relationship  between  the  blocks  and  the  buffer  ring.  Each 
i  biock  mesh  was  H-type  in  all  directions  and  contained  56x21x10  (i,j,k)  cells. 

To  begin  the  transition  from  the  first-order  time  FVS  solutions  presented  in  [24]  to  the  FDS  solutions  pres¬ 
ently  available,  consider  the  comparison  of  the  local  relative  Mach  number  of  [24]  to  that  of  second-order  time 
FVS  with  block-block  interfaces  maintained  to  the  interior  level  of  spatial  accuracy  (up  to  second-order  for  FVS), 
as  shown  in  Figs,  8,  At  first  glance  it  is  quite  noticeable  that  the  second-order  solutions  do  not  expand  nearly  as 
much  as  the  first -order .  Presently  the  cause  of  this  anomoly  is  under  investigation.  It  is  not  known  whether  this  is 
due  to  the  modifications  made  to  the  block-block  interface  or  to  the  use  of  three  point  backward  (second-order) 
time  differencing. 

With  this  noted  and  under  investigation,  the  transition  is  completed  with  the  local  relative  Mach  number 
comparison  between  FVS  second-order  space  and  FDS  third-order  space  (minmod)  both  with  three  point  back¬ 
ward  time  differencing,  as  shown  in  Figs.  9.  The  increase  in  spatial  resolution  due  to  FDS  is  evident  with  the 
sharper  shock  definitions  and  the  ability  to  resolve  (to  some  extent)  the  geometric  subtleties  of  the  blade  geome- 
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try.  Any  enhanced  resolution  would  be  welcomed  considering  the  extreme  coarseness  of  the  blade  chordwise 
mesh  (only  10  cells  from  leading  to  trailing  edge).  Also,  an  increase  in  the  tip  loading  is  noticed  with  the  FDS 
method. 

In  Figs.  10,  the  unsteady  behavior  or  lack  thereof  as  predicted  by  the  FDS  method  is  presented.  The  curves 
are  of  time-averaged  freestream  relative  pressure  coefficient,  Cp,  with  the  minimum  and  maximum  local  cell 
values  indicated  by  the  fluctuation  bars.  From  this  plot  one  can  get  a  feel  for  the  regions  of  greatest  fluctuations 
and  their  magnitude.  There  exists  evidence  of  the  inherent  unsteady  behavior  of  the  flow,  though  it  is  by  far  not 
prominent.  Figures  10  support  the  comments  in  (24)  regarding  lack  of  variation  in  the  blade  surface  relative 
Mach  number  for  both  fore  and  aft  blade  rows.  Though  little  variation  is  shown  overall,  there  is  more  variation  in 
the  aft  blade  row,  as  expected.  The  only  Cp  variations  of  any  significance  occur  on  the  pressure  side  of  the  aft 
blade  near  the  root  and  midspan. 

As  a  final  note  on  the  UDF8-8  comparison,  the  present  FDS  integrated  performance  parameters  of  power 
coefficient,  efficiency,  and  torque  ratio,  (Cpw,t],Q2/Q\)  respectively,  are  compared  in  Figs.  11  to  that  of  FVS 
second-order  time  and  measured  data  as  reported  in  [25] .  Reasonable  agreement  is  shown  to  exist  with  the 
measured  data  viewing  the  inviscid  nature  of  these  calculations.  Also,  the  intuitive  trends  regarding  the  less 
numerically  dissipative  nature  of  the  FDS  method  compared  to  the  FVS  method  is  a  plausible  explanation  of  the 
relative  position  of  the  time-averaged  data  with  respect  to  the  measured  data.  That  is  to  say,  one  might  expect  to 
see  stronger,  farther  aft  (chordwise)  shock  patterns  with  FDS  resulting  in  higher  compressibility  losses;  conse¬ 
quently,  more  power-in  for  less  thrust-out  (lower  efficiency),  as  shown  in  Figs.  11a  and  lib  would  not  be 
unusual. 

5.  CONCLUSIONS  AND  COMMENTS 

A  numerical  scheme  was  presented  for  solving  the  three-dimensional  unsteady  Euler  equations  on  dynamic 
multiblock  grids  for  complex  configurations,  and  comparisons  were  made  with  available  experimental  data.  The 
numerical  formulation  used  permits  extremely  large  time  steps,  such  that  the  time  step  size  selected  can  be 
established  by  the  physics  of  the  flow  being  solved  and  not  the  numerics  of  the  algorithm  used.  This  is  particu¬ 
larly  important  for  Navier-Stokes  calculations  where  extremely  small  cells  with  high  aspect  ratio  (similar  to  this 
piece  of  paper  on  which  these  words  are  printed)  could  severely  restrict  the  time  step  for  most  algorithms. 
Navier-Stokes  calculations  on  extremely  fine  grids  with  high  aspect  ratio  cells  of  this  type,  have  been  successfully 
carried  out  by  Simpson'  for  maximum  Courant  numbers  greater  than  10*  . 
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Figure  1.  Wing-Pylon-Store  Configuration  with  Store  in 
Captive  Position 


Figure  3.  Numerical  and  Experimental  Surface  Pressure 
Distribution  on  the  Outboard  Side  of  the  Store 
M  =  0.85,  Alpha  =  0.0 


Figure  5.  Numerical  and  Experimental  Surface  Pressure 
Distribution  on  the  Pylon  (Upper  Row,  Y  =  1.17) 
at  M  =  0.85,  Alpha  =  0.0 


Figure  2.  Wing-Pylon-Store  Configuration  with  Store 
Located  Two  Store  Diameters  Below  the  Pylon 
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Figure  4.  Numerical  and  Experimental  Surface  Pressure 
Distribution  on  the  Inboard  Side  of  the  Store 
at  M  =  0.85.  Alpha  =  0.0 
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Figure  6.  Numerical  and  Experimental  Surface  Pressure 
Distribution  on  the  Pylon  (Upper  Row,  Y  =  1.17) 
at  M  =  0.85,  Alpha  =  0.0 
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Figure  7.  UDF8-8  Geometry 
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Figure  8.  FVS  Blade  Surface  Local  Relative  Mach  Number 
(time-averaged) 
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Figure  9.  Second-Order  Time  Blade  Surface  Local  Relative 
Mach  Number  (time  averaged) 
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Figure  11.  Integrated  Performance  Parameters 
(time  averaged  with  fluctuation  bars) 
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SUMMARY 

The  sheer  variety  of  problems  found  in  Computational  Fluid  Dynamics  (CFD)  has 
dictated  a  need  for  grid  generation  methods  of  the  utmost  generality.  Experience  has 
shown  that  user  interaction  and  graphical  feedback  are  two  necessary  features  of  a 
successful  method  as  well.  Employing  these  ideas,  a  structured  method  of  grid 
generation  has  been  developed,  allowing  a  grid  system  to  be  constructed 
through  the  use  of  four  specialized  codes,  accessed  on  two  machines.  These  codes  are 
based  on  the  multiple  block  concept,  whereby  the  flowfield  domain  is  decomposed  into  a 
number  of  contiguous  subdomains ,  allowing  for  efficient  grid  generation  and  flowfield 
solution.  The  first  of  these  codes  aids  the  user  in  inspecting  the  flow  domain  and  in 
developing  a  suitable  blocking  strategy  for  the  block  system.  A  second  code  is 
then  used  to  establish  the  exact  connections  between  abutting  blocks  and  to  set  flow 
boundary  conditions  on  all  surfaces  of  the  block  system.  This  connectivity  and 
boundary  condition  data  is  accessed  in  the  final  two  codes  to  construct  the  grid  itself. 
The  third  code  generates  the  surfaces  of  each  block  in  the  system,  and  the  final 
code  distributes  grid  points  on  the  block  interiors.  The  intricacies  of  these  codes 
are  explained  along  with  an  example,  conclusions  and  projections  -  or  further  work. 


INTRODUCTION 

Since  its  inception  at  the  turn  of  the  decade,  the  idea  of  multiple-block  grid 
schemes  has  become  so  widely  used  and  accepted  that  its  justification  hardly  seems 
necessary  today.  Nevertheless,  the  advantages  of  a  multiple-block  scheme  over  a  single 
block  method  deserve  mention.  The  foremost  advantage  is  that  by  reducing  the  flow  domain 
to  a  number  of  subdomains,  complex  geometrical  shapes  may  be  modelled  mere  easily  and 
with  greater  numerical  accuracy  than  with  a  single  block.  One  need  only  compare  the 
geometrical  shapes  generated  routinely  today  with  the  more  difficult  single  block 
configurations  of  a  few  years  ago  to  realize  the  increased  geometrical  complexity  that 
multiple  block  methods  have  permitted.  Multiple  block  methods  also  increase  the  maximum 
total  allowable  size  of  the  computational  problem,  since  only  one  or  a  few  blocks  need 
reside  in  core  memory  at  ?iy  given  time,  with  the  remaining  blocks  residing  on  an 
external  device.  This  allows  multiple  block  grids  with  millions  of  grid  points  to  be 
generated  and  used  on  computers  with  enough  internal  memory  for  only  a  small  percentage 
of  the  total  grid  size. 

Multiple  block  flow  solver  methods  have  been  developed  and  used  at  General  Dynamics 
Fort  Worth  Division  (GD)  since  1985.  Each  Euler  and  Navier-Stokes  solver  in  use  at  GD  is 
structured  with  the  same  basic  architecture  (ref.  1,  2).  Each  solver  is  written  for  use 
on  a  Cray  supercomputer,  and  each  retains  only  a  single  block  in  memory  at  a  time. 
To  make  full  use  of  the  vectoring  capabilities  on  a  Cray,  the  total  grid  system  is 
normally  divided  into  as  few  a  number  of  blocks  as  possible,  with  each  of  the  blocks 
being  approximately  equal  in  size  as  permitted.  This  constraint  forces  an  added 
generality  to  the  boundary  conditions  (bc's)  -  the  allowance  for  several  be  types  on  a 
given  wall  of  a  block.  The  solvers  described  above  are  used  for  a  variety  of 
computational  flow  analyses,  and  as  might  be  expected,  the  configurations  these  codes  see 
are  as  varied  as  the  flow  conditions,  usually  involving  several  geometrical  length  scales 
in  a  single  problem.  Furthermore,  these  analyses  are  performed  in  a  design  environment, 
such  that  rapid  turnaround  time  is  always  a  high  priority. 

In  view  of  these  constraints,  a  list  of  requirements  for  a  multiple  block  grid 
generation  package  was  not  difficult  to  formulate.  In  1985,  the  three  most  crucial 
requirements  for  a  multiple  block  grid  system  were  generality,  speed  of  generation,  and 
accuracy.  Coupled  to  these  was  the  need  to  apply  the  grid  methods  to  all  in-house  CFD 
codes  and  the  ability  to  specify  boundary  conditions  on  the  cell,  rather  than  face, 
level.  These  considerations  served  as  guidelines  for  the  initial  development  of  the  grid 
generation  system  (ref.  3).  The  requirement  for  geometric  generality  was  met  by  making 
the  codes  highly  interactive.  In  combination  with  the  interactivity,  extensive  graphics 
capabilities  were  included  to  ensure  the  desired  level  of  accuracy.  By  making  the  system 
interactive,  the  time-consuming  duplication  of  effort  associated  with  batch  codes  was 
avoided. 

After  over  four  years  in  development,  GD  now  has  a  grid  generation  system  which 
satisfies  all  of  the  requirements  established  in  1985.  Today's  software  allows  the  user 
to  generate  multiple  block  grids  for  generalized  configurations  and  generalized  flow 
conditions.  The  volume  grid  file  and  the  flow  solver-specific  boundary  condition  file 
created  with  the  codes  are  directly  accessed  by  the  flow  solver.  The  entire  software 
package  is  shared  between  two  computers  -  Silicon  Graphics  IRIS  Workstations  and  CRAY 
supercomputers.  On  the  IRIS,  three  codes  have  been  developed  fo>  decomposing  the 
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domain  into  blocks,  specifying  interblock  connections  and  flow  boundary  conditions,  and 
generating  the  block  surface  grids.  Three  separate  programs  were  necessary  due  to  the 
memory  constraints  of  the  IRIS,  but  the  added  overhead  has  not  proven  to  be  significant. 
The  CRAY-based  software  consists  of  a  single  code  for  the  generation  of  the  block 
interior  points.  This  code  could  equivalently  be  housed  on  the  IRIS,  but  the  need  to  run 
the  flow  solver  on  the  CRAY  and  the  CRAY'S  superior  computational  power  make  it  the 
natural  choice. 

The  intent  of  this  paper  is  to  outline  the  procedure  routinely  used  at  General 
Dynamics  for  the  generation  of  multiple  block  grids.  Successful  generation  is  contingent 
upon  delivery  of  a  usable  description  of  the  configuration,  and  so  in-house  techniques 
for  conversion  of  geometric  models  is  explained  first.  Next,  the  four-step  procedure, 
encompassing  domain  decomposition,  connectivity  generation,  surface  grid  generation,  and 
volume  grid  generation  is  overviewed,  explaining  both  existing  and  developing 
capabilities.  Each  of  these  steps  is  applied  towards  the  generation  of  a  multiple  block 
grid  around  the  forebody  of  an  F-16  for  further  illustration  of  the  methods.  Finally,  an 
analysis  of  the  current  methodology  is  made  to  help  project  the  future  direction  of  this 
interactive  grid  generation  system. 


GEOMETRY  PREPROCESSING 

Computer  aided  design  (CAD)  has  become  a  standard  tool  in  the  aerospace  industry  for 
geometrically  defining  developing  configurations,  and  the  majority  of  advanced  designs 
which  are  used  in  CFD  studies  have  indeed  been  created  on  CAD  systems.  In  many  of  these 
systems,  the  geometry  is  represented  as  a  combination  of  planar  cuts  and  surface  splines. 
At  GD,  several  CAD  packages  with  differing  geometry  representations  are  utilized  daily  on 
various  projects.  The  differences  in  the  various  CAD  systems,  however,  have  made  it 
necessary  to  establish  one  universal  format  for  direct  use  in  the  interactive  grid 
generation  software.  In  the  resulting  format,  the  entire  configuration  surface  is 
represented  by  a  number  of  patches,  each  patch  containing  an  m  by  n  well-ordered  array  of 
physical  points.  We  refer  to  each  patch  as  a  network,  and  to  the  collection  of  networks 
as  a  database.  There  is  reasonable  generality  of  the  types  of  suitable  networks,  in  that 
networks  may  overlap  or  abut  with  point,  slope  or  no  continuity.  For  ease  of  grid 
generation,  however,  it  is  desirable  to  have  point  continuous  networks,  although  totally 
discontinuous  database  networks  will  not  decrease  the  range  of  program  applicability. 
Since  spline  equations  are  not  stored  in  the  resulting  database,  it  is  necessary  to  have 
a  sufficient  number  of  points  in  each  network  to  resolve  the  important  geometric 
properties  of  the  configuration.  A  suitable  network  database  for  the  F-16  forebody  is 
shown  in  Figure  1.  Fourteen  networks  are  used  to  define  this  model,  with  computational 
dimensio.ns  varying  from  3x10  to  28x25.  Notice  that  the  areas  of  higher  resolution  in 
this  model  generally  correspond  to  regions  of  large  surface  curvature. 


Figure  1.  Fourteen  Network  Database  about  F-16  Forebody 


Traditional  methods  for  downloading  CAD  models  to  the  correct  grid  generation  format 
were  at  best  cumbersome,  and  often  required  the  CAD  operator  to  sort  data  files  by  hand, 
to  respline  curves  and  surfaces,  and  to  rely  on  visual  inspection.  It  was  not  unusual 
for  the  operator  to  invest  a  week  or  more  to  accomplish  this  task.  Consequently,  a 
program  was  written  in  1988  to  streamline  the  creation  of  databases  on  the  CATIA  CAD 
-y-tem.  In  this  batch  code,  *  given  surface  model  is  automatically  broken  into  networks, 
placing  network  edges  at  lines  of  intersection  in  the  surface  -odel.  Tor  simple 


configurations,  the  user  time  has  been  reduced  to  an  hour  or  so,  with  the  total 
throughput  time  on  the  order  of  four  hours.  The  database  creation  time  for  more  complex 
configurations  is  not  expected  to  be  much  more  than  that  required  for  simpler 
configurations.  Although  this  program  is  currently  compatible  only  with  the  CATIA 
system,  work  is  underway  to  extend  it  to  other  CAD  systems  as  well.  This  capability  will 
greatly  enhance  tne  interface  between  the  design  and  the  CFD  groups. 


DOMAIN  DECOMPOSITION 

Before  a  grid  system  can  be  generated,  an  appropriate  blocking  structure  must  be 
devised  to  divide  the  problem  domain  into  smaller,  more  manageable  sub-domains.  Many 
factors  are  considered  when  decomposing  the  problem  domain,  including  the  computer 
hardware,  the  flow  solver  software,  and  the  geometry.  The  maximum  computational  size  of 
a  block  is  restricted  by  the  amount  of  core  memory  available  on  the  computer.  The 
optimal  size  of  a  block  is  also  machine  dependent.  On  a  vector  machine  like  the 
CRAY,  a  small  number  of  large  blocks  is  preferred;  on  a  parallel  computer,  however,  a 
large  number  of  small  blocks  is  more  efficient.  Furthermore,  the  manner  in  which  blocks 
interconnect,  such  as  overlapping  or  point  to  point  matching,  is  flow  solver  dependent, 
also  impacting  the  blocking  strategy.  Finally,  geometric  complexities  of  the 
configuration  being  analyzed  may  impose  a  practical  lower  limit  on  the  number  of  blocks 
required;  certain  complex  geometries  just  cannot  be  represented  with  only  a  few  blocks. 

Restrictions  on  the  blocking  structure  imposed  by  geometrical  complexities  are 
typically  difficult  to  visualize,  and  are  therefore  difficult  to  detect.  This  difficulty 
is  usually  tempered  if  a  physical  model  of  the  configuration  is  available,  but  physical 
models  are  expensive,  time-consuming  to  make,  and  are  not  easily  modified  to  reflect 
geometrical  changes.  Although  still  in  a  development  stage,  GRIDBLOCK,  the  first  of  the 
three  interactive  IRIS  codes,  offers  an  alternative  solution  to  this  problem  by  providing 
the  capability  for  real-time  graphical  manipulation  of  the  3-d  configuration.  More 
importantly,  however,  it  r>r-o'-iao  =  efficient  means  -I  investigating  ^/.u  generating 
blocking  senemes. 

A  typical  GRIDBLOCK  screen  is  shown  in  Figure  2.  Shown  is  the  F-16  forebody 
database  network  with  a  preliminary  blocking  structure  around  the  configuration.  Both 
mouse  and  keyboard  input  control  the  options  in  GRIDBLOCK.  The  main  options  of  the  code 
are  displayed  in  a  menu  on  the  lower  left  side  of  the  screen.  This  menu  cnanges  during 
execution  for  continual  display  of  currently  available  options.  Above  the  menu  area,  a 
diagnostic  window  displays  statistics  pertinent  to  the  current  function.  While  defining 
lines,  for  example,  the  current  3-D  coordinates  of  the  cursor  are  displayed.  The  small 
window  above  the  diagnostic  window  is  used  for  typed  user  input  such  as  file  names  and 
numerical  data.  The  window  above  this  is  used  to  display  atep-by-step  instructions  for 
the  current  function,  which  leads  the  first  time  user  through  the  program  and  serves  as  a 
reminder  for  the  experienced  user. 
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Figure  2.  Typical  GRIDBLOCK  Screen 
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GRIDBLOCK  begins  with  a  display  of  the  3-D  wire-frame  model  of  the  problem 
configuration,  which  is  then  rotated,  scaled,  and  translated  for  further  examination.  As 
ideas  for  dividing  the  domain  are  formulated,  three-dimensional  lines  representing  the 
bounding  edges  of  the  blocks  in  the  structure  are  drawn  by  the  user  about  the  database. 
These  lines  can  be  created  in  a  variety  of  ways,  and  once  created,  can  be  further  edited 
and  modified  as  becomes  necessary.  It  has  been  observed  that  a  good  understanding  of  the 
entire  block  can  be  derived  by  displaying  only  the  edges  of  the  block.  This  simplifies 
the  work  in  GRIDBLOCK  by  eliminating  the  need  to  define  and  display  surface  shapes. 

The  most  straightforward  method  of  composing  a  multiple  block  structure  in  GRIDBLOCK 
is  to  build  each  block  one  edge  at  a  time.  These  edges,  called  connectors,  are  composed 
of  one  or  more  line  segments.  Several  types  of  line  segments  are  available:  straight 

lines,  elliptic  arcs,  and  smooth  cardinal  spline  curves.  These  simple  segments  can  be 

quickly  combined  to  create  virtually  any  3-d  curve.  Each  connector  terminates  in  two 

nodes,  one  at  each  end.  Any  number  of  connectors  may  share  a  node,  and  connectors  may  be 
linked  only  at  nodes.  As  a  connector  is  defined,  it  is  not  immediately  assigned  to  a 
block  edge,  but  is  simply  a  reference  line,  which  is  surprisingly  helpful  when  first 
developing  a  blocking  scheme.  Connectors  can  later  be  edited  (by  moving  individual 
points,  stretching,  translating,  etc.)  or  even  deleted.  If  a  node  location  is  changed, 
all  connectors  attached  to  that  node  are  modified  to  maintain  the  connectivity.  Nodes 
are  drawn  as  large  dots  in  Figure  2. 

Once  several  connectors  are  added  to  the  system,  they  may  be  grouped  together  and 
assigned  to  blocks.  When  twelve  connectors  are  assigned  to  a  given  block,  the  user  is 
prompted  to  define  computational  directions  and  dimensions  on  that  block.  Improper 

assignments  are  not  allowed  and  are  indicated  to  the  user.  For  the  F-16  forebody 

illustrated  in  Figure  2,  the  flow  domain  has  been  divided  into  a  total  of  seven  blocks. 

Although  the  simplest,  defining  blocks  one  connector  at  a  time  is  the  most  time 
consuming  and  monotonous  mode  of  creation.  Thus,  work  on  GRIDBLOCK  is  underway  to 
provide  facilities  for  creating  an  entire  block  (i.e.,  all  twelve  edges)  at  once. 

Several  basic  snapes  will  oe  available,  including  rectangular  blocks  (for  H-grids) ,  half 
cylinders  (for  C-grids) ,  and  full  cylinders  (for  O-grids).  These  shapes  will  then  be 
translated,  rotated,  and  scaled  to  position  in  the  block  structure.  All  commands 

available  in  the  connector  mode  described  above  will  be  carried  to  this  full-block  mode, 
so  that  a  rough  block  shape  may  first  be  generated,  with  further  connector  refinement 
performed  later  as  needed.  Again,  when  the  block  definition  is  completed,  the  user  will 
be  asked  to  supply  computational  coordinates  and  dimensions. 

Many  of  the  connectors  defined  in  a  typical  system  are  shared  by  more  than  one 
block.  A  procedure  is  under  development  which  will  determine  the  user-drawn  interblock 
connections  automatically,  and  will  normally  be  accessed  after  all  blocks  have  been 

defined.  Upon  exiting  the  program,  all  block  to  block  connections  established 
automatically  will  be  stored  in  a  file  referred  to  as  the  BOCON  file.  The  file  at  this 
point  will  also  contain  cartesian  definitions  of  the  connectors  and  the  composition  of 
each  block  (connectors,  dimensions,  etc.).  The  set  of  data  defining  interblock 

connections  is  then  the  starting  point  for  the  second  IRIS  code,  GRIDBOUND,  which  allows 
the  user  to  complete  interblock  connections  and  to  set  the  flow  boundary  conditions  on 
all  surfaces  of  the  blocks.  The  cartesian  connector  information  is  later  accessed  in  the 
surface  grid  generation  routines,  and  the  block  composition  data  is  used  when  restarting 
the  GRIDBLOCK  program.  The  manner  in  which  the  GRIDBLOCK  code  and  BOCON  files  fit  into 
the  master  plan  of  grid  generation  is  explained  in  Figure  3. 


CONNECTIVITY  GENERATION 

Once  the  domain  blocking  strategy  has  been  developed,  the  straightforward  yet 
tedious  task  of  assigning  flow  boundary  conditions  and  determining  remaining  interblock 
connections  must  be  performed.  This  is  essentially  a  bookkeeping  task  which  is  easily 
managed  with  the  second  IRIS  code  in  the  process,  GRIDBOUND.  Output  from  GRIDBOUND  is 
the  completed  connectivity  table  (BOCON  file),  which  is  then  used  in  GRIDGEN2D  and 
GRIDGEN3D  to  maintain  grid  point  continuity  across  connected  block  faces.  After  the 
multiple  block  system  is  completed,  the  connectivity  data  is  converted  in  GRIDGEN3D  to  a 
format  for  direct  use  in  the  flow  solver.  (see  the  FLOWCON  file  in  Figure  3) 

Like  GRIDBLOCK,  GRIDBOUND  io  an  interactive  graphics  code  with  input  controlled 
through  pull-down  menus,  making  the  program  simple  to  use  for  even  the  novice.  The 
user's  initial  task  in  GRIDBOUND  is  to  specify  the  intended  flow  solver,  so  that  the 
correct  set  of  flow  boundary  conditions  are  made  available  in  the  interactive  session. 
Currently  three  different  solvers  may  be  chosen  within  GRIDBOUND,  but  the  effort  required 
to  permit  additional  solvers  is  minimal.  As  stated  earlier,  the  GRIDBLOCK  code  is  under 
development  to  write  out  a  preliminary  BOCON  file  containing  interblock  connections 
determined  in  that  code.  Currently,  however,  blocks  are  created  in  GRIDBOUND  through 
pull-down  menus  designed  for  block  definition,  and  each  block  is  initialized  with  no 
boundary  conditions. 

All  blocks  are  schematically  drawn  in  GRIDBOUND  in  computational  space.  Figure  4 
shows  tv_  Liv._k  ali-er  several  different  bc's  of  the  seven  block  F-16  forebody  have 
been  specified.  Note  that  be  types  are  differentiated  in  GRIDBOUND  by  color.  Each  block 
can  be  rotated  independently  so  that  each  of  the  six  faces  can  be  examined. 
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Figure  3.  Schematic  Drawing  of  Grid  Generation  Process 


Boundary  conditions  are  set  by  selecting  the  block,  the  uoe  number  nnd  the  b.c. 
type  for  processing.  The  user  is  then  prompted  for  the  range  of  points  to  which  that 
boundary  condition  is  to  be  applied  (the  source  range).  The  program  checks  this  region 
erasing  any  existing  bc's  and  removing  any  connections  (on  both  this  block  and  t  e 
connecting  block),  b°f're  stnrii...  the  new  he  at  e»<~h  -on  fa..e  m  the  region.  For 
solver  bc^s ,  each  cell  in  the  source  range  is  shaded  with  the  corresponding  be  color,  and 
the  specification  is  complete.  For  interblock  connections,  the  intended  range  of  points 
on  the  connecting  face  (the  target  range)  is  input,  with  the  program  rejecting  improper 
connections.  Allowable  connections  are  controlled  by  the  type  of  flow  solver  selected  at 
the  beginning  of  the  problem.  Currently,  GRIDBOUND  supports  both  point-to-point  ^tching 
and  ordered-subset  matching  (where  one  region  is  an  ordered  subset  of  the  other) ,  and 
connections  may  be  established  on  the  cell  level  and  on  the  full  face  level. 


GRIDBOUND  provides  several  methods  for  ensuring  that  all  necessary  bc's  have  been 
specified  as  desired.  High-light  bars  can  be  scanned  over  each  face,  with  the  cell  be  at 
the  intersection  of  the  bars  listed  at  the  bottom  of  the  block  window.  For  connecting 
bc's,  a  cell  cursor  appears  at  both  the  high-lighted  source  cell  and  the  corresponding 
target  cells.  By  moving  the  high-light  bars  over  the  connection  region,  it  is  easy  to 
verify  that  connections  are  oriented  correctly.  It  is  also  possible  to  make  all  regions 
of  a  specified  be  type  blink.  This  tool  is  especially  helpful  for  quick  identification 
of  regions  with  no  set  be  at  all,  which  is  usually  the  final  check  before  exiting  the 
program. 

GRIDBOUND  offers  a  number  of  block  editing  commands  as  well.  Dimensions  of  existing 
blocks  may  be  changed  by  adding  or  removing  planes  of  points  anywhere  in  the  block. 
Blocks  may  also  be  split  into  smaller  blocks,  with  connections  at  newly  created  surface 
points  <->n  the  dividing  plane  set  automatically.  This  allows  blocks  which  are  continuous 
in  space  to  be  generated  as  a  single  block,  to  be  later  divided  to  satisfy  the  equal 
block  size  objective.  Blocks  can  also  be  added  later  or  removed  entirely.  Change?  such 
as  these  affect  the  overall  blocking  structure  established  originally  in  GRIDBLOCK, 
causing  the  structure  to  be  no  longer  compatible  with  surface  or  volume  grids  created  in 
the  two  codes  described  next.  Therefore,  a  mechanism  to  forward  the  GRIDBOUND  changes  to 
GRIDGEN2D  files  has  been  included  in  GRIDBOUND. 


SURFACE  GRID  GENERATION 

The  two  IRIS  codes  explained  above  allow  the  user  to  establish  the  topology  of  the 
system,  the  interblock  connections,  and  the  flow  boundary  conditions.  These  codes  may  be 
thought  of  as  grid  generation  preprocessors,  since  they  do  not  determine  actual  grid 
point  locations.  The  grid  itself  is  generated  in  components,  starting  with  block  edges. 
The  block  edges  are  then  used  as  boundary  conditions  for  the  block  faces,  and  the 
resulting  block  faces  are  used  as  boundary  conditions  for  the  block  interior.  Both  edges 
and  surface  grids  are  generated  in  GRIDGEN2D,  an  IRIS  code  initiated  in  1985  (ref.  4), 
and  the  subject  of  this  section.  Since  expanded  to  more  than  40,000  lines  of  Fortran, 
GRIDGEN2 D  now  has  extensive  plotting  capabilities,  and  offers  diagnostic  windows  to  aid 
the  user.  A  typical  interactive  window  from  GRIDGEN2D  is  displayed  in  Figure  5. 

Starting 

As  illustrated  in  Figure  3,  both  the  database  and  the  BOCON  file  are  used  as 
starting  points  for  surface  grid  generation.  Upon  choosing  a  block  and  a  face  to  create, 
the  user  divides  the  face  into  any  number  of  subfaces.  Each  subface  may  span  a  portion 
or  the  entirety  of  the  face.  The  subface  feature  is  demonstrated  in  Figure  6,  which 
depicts  the  downstream  planes  of  blocks  three  and  four  which  abut  blocks  five  through 
seven  and  the  inlet  face.  The  block  4  face  has  been  divided  into  three  subfaces,  and 
note  that  three  of  the  edges  of  subface  3  run  along  the  inlet  lip.  By  defining  the  edges 
of  each  subface,  points  interior  to  the  entire  face  may  be  explicitly  specified.  The 
structure  of  the  subface  is  easily  modified,  and  in  many  cases,  only  a  single  subface  is 
necessary. 


i  in  camnos 

Create  edges 

Set  BC '  s  for  elliptic  solver 
Display  edge  mforaation 
Check  edge  continuity 

suffici  grid  eg  lines 

In  it lal ize 

clear  subface 
collaiw  subface 
run  algetraic  solver 
Ref ine 

run  algHbraic  solver 
run  elliptic  solver 
Z-values 

select  z— value  arthod 
update  /-values  in  subface 
auniiNjlate  database  net  nor  Vs 
r  utate  7  id.  datdmse  netmrks 
ftove  individual  points 
Dedt  negat  1  ve  Jacob  •  ans 
Select  new  subfare 
Select  new  face  in  block 
Redefine  subface  structure 

block  canruos 

Select  current  block 
Check  voluae  Jacob  ibis 


VIF.M  COTTONDS 
Subf  aces 

laces,  block  skeletons 
Database  networks 
uv  coords .  aagnet /adapt r 


I/O 

Edges 

read  in  edge 
1  te  out  edge 
Subf  aces /block  faa 
read 
wr  ite 
aid  f  1  les 


•r  1  te 

uv  coords,  nget/alaitivr  field 
GRIDGEK3D  job  file 

mscEiLAmus 

Chaigp  color  aop 
Change  aanu  types 
Chvge  inter polet  ion  type 
Grid  foraet  conversion 
Display  block  scheaat  ic 
Invoke  calculator 
Res  tie  t  pro^e  •*> 

Exit  program 


at 

dm 

(  GS. 

?5. 

aax 

gr  id 

dies: 

(Z00.Z00.Z00) 

wax 

no  drs. 

ptS  : 

(100.  100000) 

max 

nuaber 

ol 

subf 

aces  :  (  S0  ) 

ent 

ire  gr 

id 

is  ro 

tated 

or 

entat 1 

on 

stored 

r 

f  1  xed 

surface 

shape 

M  database  networks  attached 
poraaetr ic  network  is  11 


first  order  interpolation 


SUBFfCE  PfWflrt  IRIC  non 

default  fare  nuaber  mg 


block  3  of 


newly  created  files 


subf ares  of  face  *6  f  31.  GS) 


b‘> 


03nal  -  v6l 
block 3-  grd 
anr 03coa- v01 
aidm01 
•  •dine? 
f  IGnet  ■  dba 


II  3  ) 

(  ©>.  Zb.  34) 
I  I  lines  ) 
I  color  pic  ) 
1  b  t  w  pic  ) 
(  S  networks) 


Figure  5.  Typical  GRIDGEN2D  Screen 


Figure  6.  Faces  of  Blocks  3  and  4 


Edge  Distribution 

Each  of  the  four  edges  of  a  subface  is  generated  before  proceeding  with  interior 
point  placement.  An  edge  is  created  in  three  stages:  edge  definition,  breakpoint 
placement,  and  grid  point  distribution.  The  edge  definition  stage  consists  of  defining 
the  3-d  shape  of  the  edge  by  piecing  together  a  number  of  segments  interactively  defined 
with  the  keyboard  or  graphically.  Available  segment  types  include  edges  defined  earlier 
by  GRIDBLOCK,  segments  traced  from  the  database,  simple  geometrical  curves,  curves  stored 
in  exterior  files,  user-defined  curves  in  3-d  space,  and  user-defined  curves  constrained 
to  a  database  or  grid  surface.  The  first  of  these  segment  types,  which  allows  the  edge 
definitions  to  be  read  in  directly  as  defined  in  GRIDBLOCK,  eliminates  much  of  the 
duplication  and  confusion  inherent  with  GRIDBLOCK  to  GRIDGEN2D  transition.  The  last  of 
these  segment  types  is  particularly  useful  when  distributing  interior  surface  points  via 
the  parametric  elliptic  modes,  as  explained  later. 

In  stage  2,  breakpoint  distribution,  the  newly  defined  edge  is  broken  into  a  number 
of  subedges,  separated  at  interactively-chosen  locations  referred  to  as  breakpoints. 
Grid  points  are  automatically  placed  at  breakpoints  and  at  the  beginning  and  end  points 
of  the  edge.  Breakpoints  provide  a  convenient  means  of  clustering  grid  points  at  various 
locations  along  the  edge. 

In  the  final  stage,  the  edge  grid  points  (as  specified  by  the  block  dimensions)  are 
distributed  between  breakpoints  as  the  user  requires.  Initially  grid  points  are 
distributed  at  equal  arc  increments,  but  the  number  of  grid  points  and  their  relative 
distribution  between  breakpoints  may  be  user-set.  In  addition  to  equal  spacing,  grid 
points  along  an  edge  may  be  distributed  by  either  a  two-sided  hyperbolic  tangent  function 
(ref.  5),  a  one-sided  geometric  stretching  function,  by  clustering  to  edge  curvature,  or 
by  scaling  a  distribution  function  defined  elsewhere  in  the  grid.  This  latter 
distribution  method  is  an  easy  way  to  maintain  the  same  general  clustering  at  opposite 
edges  of  a  given  face. 

The  entire  edge  generation  process  in  GRIDGEN2D  is  menu-driven  with  a  continuous 
graphics  display.  Any  of  the  three  stages  above  may  be  entered  or  reentered  during  edge 
construction.  Graphical  editing  is  added  to  allow  for  minor  changes  wiihout  duplication 
of  effor*-,  and  on-screen  help-menus  are  provided  to  assist  the  unfamiliar  operator.  The 
availability  of  linear,  cubic  and  exponential  splines  (ref.  6)  provides  an  additional 
degree  of  numerical  control,  and  these  edge  splines  may  be  applied  to  x,  y  or  z 
coordinates,  as  well  as  to  the  arclength. 

Interior  Point  Distribution 

Grid  points  interior  to  a  subface  are  initialized  by  interpolating  from  the 
subface's  four  edges.  Several  algebraic  methods  are  available  for  initialization, 
including  transfinite  interpolation  with  linear  and  arclength  based  (ref.  7) 
interpolants,  and  polar  interpolation,  which  distributes  points  around  a  user-chosen  axis 
in  3-d  space. 

Occasionally  the  algebraic  initialization  schemes  are  sufficient  for  the  user's 


purposes,  but  the  majority  of  algebraic  grids  require  further  refinement.  The 
initialization  methods  described  above  interpolate  solely  from  the  edges,  and  generally 
do  not  affix  interior  points  on  the  intended  shape  of  the  surface,  defined  either  by 
database  networks,  by  interpolation,  by  planar  surfaces,  or  by  LaPlace' s  equation.  When 
the  surface  shape  is  defined  by  database  networks,  therefore,  the  provisional  surface 
must  be  interpolated  onto  the  intended  surface.  In  GRIDGEN2D,  the  interpolation  proceeds 
in  only  the  z  physical  coordinate,  with  the  x  and  y  coordinates  held  fixed.  This  means 
that  it  is  often  necessary  to  rotate  the  grid  before  the  interpolation  takes  place,  so 
that  the  optimal  orientation  of  interpolation  is  aligned  with  the  z  physical  axis.  This 
rotation  is  done  graphically  so  that  the  user  can  be  confident  of  the  chosen  orientation 
for  interpolation. 

Interpolation  of  the  z-values  guarantees  the  correct  surface  shape,  but  makes  no 
guarantees  about  the  distribution  of  points  on  that  surface.  When  the  interior  point 
distribution  after  interpolation  is  not  acceptable,  an  elliptic  solver  is  utilized. 
Elliptic  solvers  redistribute  interior  grid  points  to  satisfy  a  set  of  elliptic  partial 
differential  equations  (pde's),  specifically  a  transformed  set  of  Poisson  equations. 
Solutions  to  elliptic  equations  of  this  form  are  generally  smooth,  and  obey  a  maximum 
principle  (no  grid  crossing)  in  the  case  of  LaPlace' s  equation,  so  they  are  natural 
candidates  for  grid  generation. 

There  are  four  modes  of  elliptic  solvers  in  GRIDGEN2D.  The  first  two  solve  directly 
for  the  new  grid  point  locations  (x,  y  and  z)  in  an  iterative  process.  For  planar  or 
nearly  planar  problems  (where  surface  shape  is  not  crucial,  as  in  block  interfaces) ,  the 
2-d  equations  of  Thompson  (ref.  8)  are  solved.  For  3-d  surfaces  where  shape  is 
important,  the  modified  Thomas  (ref.  9)  equations  are  solved.  This  latter  set  accounts 
for  the  curvature  of  the  surface  in  the  driving  equations,  essentially  solving  the 
equivalent  Thompson  equations  on  the  3-d  surface.  In  each  of  these  methods,  only  x  and  y 
values  are  calculated  by  the  pde's,  with  z  values  updated  through  database  interpolation 
(when  applicable)  as  described  above.  Both  methods  also  require  that  the  surface  first 
be  rotated  to  a  single-valued  orientation  in  the  z  direction.  When  no  suitable  rotation 
exists,  as  in  cylindrically  shaped  grids,  it  is  necessary  to  divide  the  face  into  several 
subfaces,  and  to  work  on  one  subface  at  a  time  (see  the  beginning  of  this  section) . 

The  dissection  of  a  given  face  into  single-valued  subfaces  and  the  corresponding 
solution  of  the  elliptic  equations  on  these  subfaces  tends  to  be  a  tedious  task.  For 
this  reason,  two  other  elliptic  solver  types  are  included  in  GRIDGEN2D.  Both  techniques 
incorporate  the  same  driving  equations  as  above,  but  solve  the  grid  in  parametric 
coordinates,  rather  than  in  cartesian  coordinates.  These  two  parametric  solvers  employ  a 
modified  form  of  the  equations  popularized  by  Warsi  (ref.  10),  and  differ  only  in  their 
choice  of  parametric  variables. 

The  easier  to  use  of  the  parametric  solvers  we  refer  to  as  the  subface  parametric 
mode.  Here,  parametric  coordinates  are  initially  set  equal  to  the  computational  indices 
of  the  existinq  face,  and  the  elliptic  equations  are  solved  on  this  initial  grid.  This 
method  is  useful  for  subfaces  which  maintain  the  correct  surface  shape  but  have  an 
unacceptable  distribution  of  points  on  that  shape. 

The  second  parametric  mode  is  referred  to  as  the  database  parametric  mode.  In  this 
mode,  edges  of  the  face  are  first  generated  in  terms  of  the  computational  coordinates  of 
a  selected  database  network.  With  this  technique,  parametric  coordinates  are  then 
interpolated  onto  the  face  interior,  with  Cartesian  coordinates  in  turn  interpolated  from 
parametric  coordinates.  The  elliptic  solver  is  then  run  in  a  manner  similar  to  the 
subface  parametric  mode.  Although  this  solver  is  the  most  difficult  of  the  four  to  use, 
the  difficulty  lies  in  understanding  the  concept,  and  not  in  the  mechanics  of  running  the 
solver.  Because  this  elliptic  solver  mode  requires  that  only  one  network  be  used  to 
define  the  surface,  it  was  necessary  to  equip  GRIDGEN2D  with  an  extensive  database 
network  manipulation  routine.  In  this  routine,  networks  may  be  scaled,  translated, 
reduced  and  duplicated  in  a  graphical,  interactive  environment. 

The  idea  and  mechanics  of  the  GRIDGEN2D  parametric  elliptic  solvers  are  explained  in 
Reference  11.  Because  this  method  uses  the  standard  Thompson  (ref.  8)  equations  in  a 
transformed  parametric  space,  the  resulting  grid  will  be  independent  of  the  actual 
parametric  representation.  This  is  in  contrast  to  other  parametric  methods  (c.f.  ref. 
12)  employing  an  abbreviated  form  of  the  parametric  equation,  which  require  a  smooth 
distribution  of  parametric  coordinates  in  physical  space  to  insure  a  smooth  surface  grid. 
The  biggest  advantage  of  parametric  solvers  is  that  there  is  no  need  to  rotate  the 
surface  grid  to  a  single-valued  orientation,  as  is  often  the  case  for  the  standard 
elliptic  solvers.  This  permits  the  very  easy  generation  of  generalized  surfaces. 
Drawbacks  of  the  method  are  that  set-up  time  is  a  little  longer,  and  the  numerical  scheme 
is  slightly  slower. 

Embedded  in  the  standard  elliptic  grid  generation  equations  is  a  set  of  functions 
which  influence  the  distribution  of  grid  points  on  the  interior.  Various  forms  of  these 
control  functions  have  been  proposed  over  the  years,  and  three  of  the  more  proven  methods 
have  been  incorporated  into  GRIDGEN2D.  These  methods  include  those  of  Thomas  and 
Middlecoff  (ref.  13)  and  Sorenson  (ref.  14)  and  each  method  is  extended  in  GRIDGEN2D 
for  use  on  3-d  surfaces,  rather  than  2-d  planes.  The  third  method  backs  out  the  control 
functions  from  the  existing  grid,  and  then  smooths  the  values,  so  that  kinks  in  the 
original  grid  will  be  removed  while  maintaining  the  important  features  of  the  grid. 
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When  engaging  the  subface  parametric  solver  described  above,  it  is  possible  within 
GRIDGEN2D  to  enhance  the  control  functions  for  a  further  degree  of  grid  point  control. 
By  attaching  a  solution  array  obtained  from  an  external  source  (such  as  a  flow  solution), 
grid  points  may  adapt  towards  gradients  in  the  solution  by  the  method  described  in 
Reference  15.  A  magnet  function  may  also  be  applied,  in  which  the  user  graphically 
defines  curve  and  point  magnets  on  the  surface  where  additional  grid  point  clustering  is 
desired.  Both  of  these  methods  create  components  which  are  added  to  the  control 
functions  described  above. 

Several  additional  features  in  the  elliptic  solvers  deserve  mention.  First,  there 
is  an  interactive  display  of  the  surface  grid  during  the  execution  of  the  solver, 
allowing  the  user  to  visualize  the  grid's  iterative  convergence.  Further,  the  view  of 
the  grid  may  be  manipulated  between  iterations.  Secondly,  any  number  of  subfaces  may  be 
loaded  into  the  elliptic  solvers  at  a  time,  so  that  the  entire  face  may  converge 
uniformly.  Finally,  edge  boundary  conditions  other  than  Dirichlet  (fixed)  may  be 
selected  for  each  edge  of  each  subface.  Orthogonality  conditions  will  slide  edge  points 
along  the  original  shape  to  enforce  an  orthogonal  intersection  with  the  edge.  Abutting 
conditions  allow  for  differencing  across  edges  which  are  adjacent  in  physical  space  but 
not  in  computational  space.  This  latter  feature,  along  with  the  multiple  subface  solving 
is  equivalent  to  a  multiple  block  capability  on  the  surface,  rather  than  the  volume 
level . 

Finishing  Up 

The  surface  grid  generation  procedure  explained  in  this  section  is  repeated  for  each 
subface  in  the  face,  and  for  each  face  in  the  block.  When  a  given  block  is  completed, 
the  next  block  to  be  generated  is  loaded  into  memory.  In  so  doing,  all  interblock 
connections  from  the  previous  block  are  updated  to  the  remaining  blocks  in  the  system. 
This  procedure  insures  that  each  block  interface  need  be  generated  only  once.  Once  all 
faces  of  each  block  have  been  created,  the  surface  grid  generation  is  completed.  Several 
faces  of  the  completed  seven  block  F-16  test  case  are  shown  in  Figure  7.  The  final  step 
in  GRIDGEN2D  is  to  save  the  multiple  block  surface  file,  referred  to  in  Figure  3  as  the 
SURFGRID  file,  and  to  run  the  GRIDGEN3D  preprocessor.  This  preprocessor  is  accessed  from 
the  GRIDGEN2D  menu  and  creates  the  job  control  language  (JCL)  and  input  data  needed  to 
start  the  volume  grid  generation  on  the  CRAY. 


VOLUME  GRID  GENERATION 

The  fourth  and  final  step  of  the  grid  generation  process  is  the  distribution  of  grid 
points  within  the  interior  of  each  block.  This  task  is  performed  with  the  batch 
procedure  GRIDGEN3D,  the  only  one  of  the  four  codes  written  for  a  CRAY  supercomputer  (see 
Figure  3).  The  philosophy  behind  the  development  of  this  batch  procedure  has  been  to 
utilize  as  much  of  the  high  speed  and  large  core  memory  of  the  CRAY  as  possible, 
since  these  features  aren't  available  on  today's  affordable  workstations.  Thus,  the 
number  of  blocks  is  minimized  in  order  to  maximize  the  vector  length  of  each  calculation. 
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An  additional  benefit  of  using  fewer  and  larger  blocks  is  that  the  number  of  block 
interfaces  is  reduced.  When  the  blocks  sizes  are  large,  however,  the  surface  grids  must 
be  of  sufficiently  high  quality,  so  that  special  treatment  of  the  block  interior  points 
is  not  required.  GRIDGEN3D,  therefore,  operates  on  the  premise  that  the  user  has 
carefully  utilized  GRIDGEN2D  to  produce  good  surface  grids.  When  a  small  number  of 
blocks  is  used  to  discretize  a  domain,  it  also  becomes  necessary  to  allow  for  multiple 
boundary-condition  and  interface  types  on  each  face,  which  adds  to  the  complexity  of  the 
code.  We  have  considered  this  problem  to  be  tractable,  however,  ir.  light  of  the 
computational  efficiency  offered  with  large  blocks. 

Naturcllv  other  researchers  have  taken  different  approaches  to  volume  grid 
generation.  Seibert  (ref.  16),  for  example,  manages  to  perform  edge,  surface  and  volume 
grid  generation  within  a  single  code.  The  advantage  of  this  approach  is  clear;  both 
overlap  time  and  the  transfer  of  files  between  codes  is  eliminated,  greatly  simplifying 
the  process.  On  the  other  hand,  Thompson's  EAGLE  code  (ref.  17)  was  originally  designed 
as  a  CRAY  batch  procedure  for  both  elliptic  and  algebraic  surface  and  volume  grid 
generation.  The  advantages  of  EAGLE  are  that  the  batch  procedure  is  more  easily 
understood  and  applied,  and  that  the  computational  time  required  for  grid  generation  is 
reduced.  The  GD  grid  programs  are  a  compromise  between  these  two  disparate  approaches; 
the  user  intensive  tasks  such  as  surface  grid  generation  are  performed  using  interactive 
procedures  on  a  workstation  and  the  number  crunching  of  volume  grid  generation  is 
performed  on  a  supercomputer  using  GRIDGEN3D. 

User-friendliness  is  as  much  a  part  of  GRIDGEN3D  as  it  is  a  part  of  the  interactive 
grid  programs.  In  fact,  it  was  easier  to  build  user  friendliness  into  GRIDGEN3D  because 
it  is  a  batch  procedure  with  a  uni-directional  flow  of  operations.  GRIDGEN3D  was  written 
in  as  general  a  manner  as  possible  for  easy  application  to  a  wide  variety  of 
configurations.  No  assumptions  are  made  in  the  code  concerning  the  grid  topology  or  the 
orientations  of  the  computational  indices.  A  variety  of  robust  grid  generation  methods, 
similar  to  those  used  in  GRIDGEN2D,  are  available  in  GRIDGEN3D,  and  each  method  has  been 
formulated  to  account  automatically  for  point  or  line  singularities.  A  great  deal  of  the 
user  friendliness  of  GRIDGEN3D  comes  from  the  minimal  amount  of  input  needed  to  compute  a 
volume  grid.  As  mentioned  earlier,  a  preliminary  GRIDGEN3D  JCL  file  can  be  created  while 
still  in  GRIDGEN2D.  Default  values  for  all  inputs  are  based  on  data  from  the  BOCON  file 
and  each  input  is  checked  for  consistency  with  its  related  input  variables.  CRAY 
procedures  have  been  written  for  the  JCL  to  minimize  the  mechanics  of  running  the  code; 
only  six  or  seven  lines  of  JCL  are  currently  required. 

The  grid  generation  methods  in  GRIDGEN3D  are  the  volume  equivalents  of  the  surface 
methods  employed  in  GRIDGEN2D.  Algebraic  transfinite  interpolation  with  either  linear  or 
arclength  (ref.  7)  based  interpolants  is  used  to  provide  an  initial  volume  grid.  In 
many  cases  the  volume  grid  produced  using  the  arclength  interpolants  is  sufficient  (since 
the  surface  grids  are  generated  with  careful  attention  to  quality)  for  flow  calculations. 

In  the  event  that  further  refinement  of  the  provisional  volume  grid  is  necessary,  an 
elliptic  pde  grid  solver  is  available  in  GRIDGEN3D.  This  solver  may  be  run  with  any  of 
four  different  control  function  types,  in  order  to  help  the  user  meet  his  requirements 
for  smoothness,  clustering,  and  orthogonality.  A  smooth  grid  may  be  obtained  using 
either  the  LaPlace  control  functions  or  by  smoothing  the  control  functions  in  the 
existing  grid.  The  control  functions  of  Thomas  and  Middlecoff  (ref.  13)  are  used 
whenever  interior  clustering  is  required.  Finally,  the  Sorenson  control  functions  (ref. 
14)  can  be  used  to  maintain  orthogonality  and  clustering  at  user-specified  faces. 

when  running  the  elliptic  solver,  grid  line  slope  continuity  is  maintained  at  block 
interfaces  by  moving  the  face,  edge,  and  corner  points  where  indicated  by  be  data  from 
the  BOCON  file.  To  provide  boundary  point  movement,  a  single  layer  of  ghost  points  is 
saved  around  each  qrid  block.  On  the  portions  of  the  faces  corresponding  to  connections, 
ghost  points  take  on  the  coordinate  values  of  the  grid  points  immediately  inside  the 
connecting  block.  This  allows  central  differences  to  be  used  when  grid  points  on  the 
interface  are  moved.  Edge  and  corner  movement  also  uses  the  ghost  point  coordinates,  but 
employs  a  one-sided  approximation  for  the  mixed  derivative  terms. 

A  parametric  elliptic  solver  similar  to  the  one  in  GRIDGEN2D  has  also  been  developed 
for  volume  grid  generation  (ref.  11) .  In  this  method,  new  grids  are  generated  in  terms 
of  the  computational  indices  of  the  original  grid,  which  lends  itself  to  adaptive  grid 
applications  quite  naturally.  To  generate  an  adaptive  grid,  flowfield  data  from  a 
partially  converged  steady  state  solution  is  used  to  form  a  control  function  that 
clusters  grid  points  to  flow  field  gradients,  such  as  shock  waves.  This  method  is  still 
under  development,  but  is  planned  to  be  incorporated  into  GRIDGEN3D  in  the  near  future. 

GRIDGEN3D  reports  the  quality  of  the  volume  grid  to  the  user  by  tallying  the  number 
of  positive,  skewed,  and  negative  volume  cells  in  the  grid  and  by  computing  a  measure  of 
the  grid  quality  as  defined  by  Strang  (ref.  18).  Using  this  data  the  user  can  plan 
further  GRIDGEN3D  runs.  The  volume  grid  can  also  be  transferred  from  the  CRAY  to  the 
IRIS  so  that  it  may  be  visually  examined  using  the  GRIDVUE3D  graphics  program  (see  Figure 
3).  Within  GRIDVUE3D,  planes  of  constant  computational  coordinate  may  be  scanned  in 
real-time,  providing  a  first  hand  confirmation  of  grid  quality.  A  unique  feature  of 
GRIDGEN3D  is  its  ability  to  translate  the  BOCON  data  into  a  boundary  condition  file 
(known  as  the  FLOWCON  file)  for  use  with  one  of  its  associated  flow  solvers.  Since 
setting  up  the  boundary  conditions  is  an  error-prone  and  man  hour  intensive  task,  this 
feature  of  GRIDGEN3D  results  in  a  large  time  savings.  This  FLOWCON  file  and  the 
resulting  volume  grid  (VOLGRID)  file  are  generally  the  only  significant  inputs  needed  to 
begin  running  the  flow  solver  (See  Figure  3) . 


FUTURE  PLANS 


The  grid  generation  methods  described  above  have  proven  to  be  effective  tools  in  the 
application  of  CFD  to  the  aircraft  design  process.  For  example,  the  sample  grid  shown 
throughout  this  paper  could  be  generated  today  in  about  a  week.  Although  this  time  is  a 
vast  improvement  to  the  state  of  a  couple  of  years  ago,  it  is  still  significantly 
longer  than  that  needed  for  complete  integration  of  CFD  into  the  design  environment. 
In  order  to  meet  this  goal,  several  improvements  are  planned  for  our  methods.  The 
near  term  improvements  will  fit  within  the  four  code  framework  we  have  established 
and  are  described  below. 

GRIDBLOCK,  the  most  preliminary  of  the  four  codes,  is  considered  a  major  key  to 
faster  turnaround.  Improved  drawing  and  edge  manipulation  commands  are  continually 
implemented.  Nevertheless,  complicated  blocking  structures  are  still  difficult  to 
visualize  because  of  the  complexities  of  typical  aircraft  geometries.  Therefore, 
semi-automated  domain  decomposition  methods  are  being  investigated.  Automated  domain 
decomposition  methods  have  already  been  proven  (ref.  19)  for  certain  applications,  and  it 
is  believed  that  such  methods  in  GRIDBLOCK  would  reduce  time  spent  in  that  code 
considerably.  Work  is  already  underway  to  allow  GRIDBLOCK  to  determine  complete 
blocking  structures  automatically  for  certain  classes  of  airplane  topologies  (e.g., 
wing,  wing-body,  etc.).  This  capability  will  be  most  instructive  to  the  novice  user,  who 
may  have  no  idea  how  to  devise  a  suitable  blocking  scheme.  After  a  blocking 
structure  is  automatically  generated,  the  user  can  interactively  modify  the  structure, 
adding  refinements  or  changes  as  required. 

The  GRIDBOUND  code  has  proven  to  be  an  easy  code  to  understand  and  to  use. 
However,  since  it  is  sometimes  difficult  to  recognize  blocks  by  their  computational 
representations  (see  Figure  4) ,  the  GRIDBLOCK  and  GRIDBOUND  codes  will  eventually 
be  combined  into  a  single  code.  The  user  will  be  able  to  toggle  between  physical  (x,y 
and  z)  and  computational  representations  of  the  multiple  block  systems.  As  edges  are 
combined  to  form  blocks  in  GRIDBLOCK,  they  will  automatically  be  written  to  the  BOCON 
arrays.  By  examining  how  edges  are  shared  between  blocks,  the  majority  of  block 
connections  can  be  detected  automatically  by  the  code. 

GRIDGEN2D  is  clearly  the  most  extensive  of  the  four  codes  used  for  multiple  block 
grid  generation.  There  are  no  specific  improvements  planned  for  GRIDGEN2D,  although 
slight  modifications  are  continually  being  made  on  user  suggestions. 

GRIDGEN3D  will  continue  to  be  the  batch  volume  equivalent  of  GRIDGEN2 D .  However, 
the  volume  grid  generation  process  will  be  greatly  simplified  by  removing  the  CRAY 

specific  coding  from  GRIDGEN3D.  This  will  allow  GRIDGEN3D  to  be  run  on  a  workstation 
along  with  the  three  other  grid  codes,  eliminating  the  need  for  file  transfer  and 

conversion  procedures.  The  simplification  of  the  overall  four  step  grid  generation 
process  should  more  than  make  up  for  the  loss  in  computing  speed.  In  order  to  enhance 
the  grid  generation  procedures  within  GRIDGEN3D,  the  adaptive  methods  described  in  the 
body  of  this  paper  will  also  be  incorporated  into  the  code. 

The  long  term  plans  for  our  grid  generation  methodology  are  much  harder  to  project 
because  they  are  dependent  upon  advances  in  computer  hardware  and  software.  Already  the 
dividing  lines  between  the  codes  are  overlapping.  For  example,  definition  of  edges  can 
be  performed  both  in  GRIDBLOCK  and  GRIDGEN2D.  Eventually,  this  gray  area  will  be  removed 
by  combining  the  four  codes  into  one  unified,  interactive  code.  This  implies,  of  course, 
that  workstations  will  have  grown  enough  to  allow  core  memory  to  contain  all  of  the 
blocking,  connectivity  and  grid  point  data  simultaneously.  Also,  the  workstation  CPU's 
will  have  to  become  fast  enough  to  make  interactive  volume  grid  generation 
practical.  A  single  unified  code  will  significantly  streamline  the  process,  allowing  the 
user  to  maintain  his  train  of  thought  by  eliminating  much  of  the  dead  time  needed  now 
for  transfer  of  files  between  codes. 

As  intimated  earlier,  the  biggest  challenge  in  generating  a  multiple  block  grid 
system  is  in  suitably  decomposing  the  domain  into  blocks.  In  fact,  in  many  applications, 

a  sizable  portion  of  the  grid  generation  process  can  be  automated  once  the  blocking 

structure  is  determined.  It  will  therefore  be  prudent  to  investigate  methods  for 
automating  the  domain  decomposition  process  as  well.  Artificial  intelligence  (AI) 
methods  continue  to  gain  in  popularity  and  applicability,  and  have  recently  been  used  for 
two-dimensional  domain  decomposition  (ref.  20).  Progress  in  this  field  is  certainly 
worth  watching  carefully.  AI  methods  may  also  find  their  way  into  the  volume  grid 
generation  arena,  whereby  an  expert  system  could  control  the  elliptic  pde  solver  to 
obtain  grids  which  meet  or  exceed  predefined  quality  measures.  Finally,  as  new  control 
function  formulations,  pde  solution  algorithms,  and  adaptive  grid  strategies  are 
developed,  they  will  be  incorporated  into  the  code. 


CONCLUSION 

A  structured,  four  code  approach  to  multiple  block  grid  generation  has  been 
developed  for  use  in  an  aircraft  design  environment.  Three  of  the  four  codes  are 
interactive  graphics  procedures  which  give  the  user  the  ability  to  decompose  a  flowfield 
domain  into  multiple  blocks,  specify  inter-block  connections  and  flow  solver  boundary 
conditions,  and  generate  grids  on  each  of  the  six  faces  of  each  block.  Generation  of 
grids  on  the  interior  of  each  block  is  performed  usina  a  batch  procedure  that  is  run  on  a 


supercomputer.  These  four  codes  generate  multiple  block  grids  for  use  in  solving  the 
full  Navier-Stokes  equations  about  complex  aircraft.  Their  greatest  utility  is 
their  emphasis  on  interactivity  and  graphical  feedback  which  allow  high  quality 
grids  to  be  generate  with  a  minimal  effort.  Improvements  are  continually  sought  to 
increase  the  speed  of  the  grid  generation  process.  Most  of  these  improvements  involve 
methods  of  grid  generation  automation,  and  are  expected  uo  reduce  the  time  needed  to 
develop  a  multiple  block  grid  system  even  further. 
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Sumi&nrv 


A  raultiblock  grid-generation  procedure  eraoedded  In  a  numerical  flow  simulation  system  is  described. 
Major  features  of  the  grids  are:  suitable  for  complex  aerodynamic  configurations,  grid  lines  continuous, 
In  particular,  over  block  faces;  grid  lines  not  slope-continuous  over  block  faces;  topology  and  geometry 
of  block  decomposition  first  specified,  and  then  grid-point  distributions;  application  of  transfinite 
interpolation  and  elliptic  techniques. 

It  is  possible  to  construct  multiblock  grids  around  complex  configurations  wiiu  250-1000  blocks,  and 
to  compute  (Euler)  flows  on  such  grids. 

New  technical  concepts  are  proposed,  to  improve  the  accuracy  of  the  flow  simulation  results,  and  to 
reduce  manhour  investments  in  the  construction  of  raultiblock  grids.  These  concepts  concern  a.  the  use  of 
compound  faces  and  edges,  and  b.  the  application  of  grid  refinement  per  block  and  per  coordinate 
direction,  to  remove  the  constraining  effect  of  grid-line  continuity  on  grid-pcint-densitv  cont.nl;  c. 
the  use  of  new  techniques  for  analytic  aerodynamic  geometry  modeling,  to  reduce  the  dependence  on  non-CFD 
geometry  software  packages;  d.  the  control  of  grid  quality  and  acceptability  with  weight  functions  in  the 
independent  variables  of  the  3D  vector  functions  defining  the  geometrical  shape  of  edges,  faces  a~d 
blocks,  and  e.  use  of  hyperblocks  to  speed  up  the  block  decomposition. 

1 .  Introduction 

The  purpose  of  this  paper  is  to  present  the  current  status  of  the  grid-generation  research 
development  work  at  NLR  and  AIT,  to  report  about  practical  experiences  with  the  current  grid-generation 
procedure,  and  to  outline  improvement  plans  now  in  execution. 

The  aim  of  the  current  grid-generation  activities  at  NLP  and  AIT  (NLR  cooperates  also  closely  with 
Fokker)  is  to  provide  computer  codes  for  the  construction  of  grids  for  Euler-flow  calculations  around  3D 
complex  aircraft  configurations.  Propeller-sLipstream  simulation  for  transport  aircraft  is  of  particular 
Interest.  Ensuring  growth-potential  of  the  grid-generation  codes  for  NaS  (Navier-Stokes)  flow 
calculations  is  also  of  importance. 

The  material  of  this  paper  is  presented  as  follows. 

In  section  2,  grid-generation  is  analyzed  as  a  subtask  in  CFD  calculations  for  industrial  aerodynamic 
design  tasks  or  for  aerodynamic  research  tasks.  Here,  user-requirements  for  a  grid-generation  procedure 
are  analyzed  from  this  viewpoint. 

Section  3  is  a  technical  description  of  our  current  grid-generation  procedure. 

Section  4  is  a  report  of  important  experiences  with  this  grid-generation  procedure. 

Section  5  is  a  summary  of  new  technical  concepts  tha*  may  be  used  to  improve  the  grid-generation 
procedure . 

Section  6  is  a  summary  of  conclusions. 

The  grid  generator  described  here  produces  multiblock  grids,  and  not  unstructured  grids.  The  choice 
issue  involved  here,  is  briefly  discussed  in  section  2.4  (Rationalisation  of  technical  choices),  and  in 
the  references  mentioned  there.  Further,  our  expectation  that  algebraic  mesh  tuning  techniques  can 
perhaps  be  made  more  efficient  than  elliptic  mesh  tuning  techniques  is  discussed  in  section  5.  Adaptive 
gri  1-  generation  is  not  discussed  here,  except  that  from  the  remarks  in  section  5  conclusions  can  be  drawn 
about  the  way  how  growth  potential  in  this  direction  is  secured. 

2 .  The  design  of  a  grid-generation  procedure 
2.1  Grid-generation  as  a  subtask  in  CFD  calculations 

The  construction  of  grids  is  the  first  subtask  in  a  numerical  flow  simulation.  In  our  case,  the 
subtasks  of  a  numerical  Eule.  (or  NaS)-flow  simulation  are  those  of  figure  2.1, 

topological  block  decomposition 

geometrical  block  decomposition  grid  construction  around  a  given  aerodynamic  configuration, 

generation  of  multiblock  grid 

flow  simulation,  and 
.  visualisation  of  flow. 

The  grid-generation  procedure  is  thus  subdivided  in  three  closely  related  subtasks.  At  the  input  side, 
this  procedure  accepts  arbitrary  aerodynamic  configurations,  e.g.  aircraft  configurations  for 
propeller-slipstream  simulations.  At  the  output  side,  grids  that  can  be  accepted  for  numerical  flow 
simulations  have  to  be  produced. 

2.2  User-requirements  modeling  for  grid  generators 

When  a  grid-generation  procedure  must  be  designed,  the  first  step  is  to  carefully  prepare  a  list  of 
user- requirements  for  this  procedure.  This  user-requirements  list  is  a  basis  for  the  formulation  of 
rational  balanced  answers  to  a  variety  of  questions.  These  user-requirements  are  a  specification  of: 


which  aerodynamic  grid-generation  functions  have  to  be  possible  with  the  grid-generation  procedure, 
what  classes  of  aerodynamic  configurations  are  specified  as  input  (e.g.  aerofoils,  wings,  aircraft 
parts,  complete  aircraft),  how  these  are  defined  (e.g.  point  collections  wi th/without  interpolation 
rules),  where  they  are  generated,  etc.. 

which  structure  and  properties  the  grids  should  have  that  are  produced  at  the  output  side,  how  their 
quality  is  defined  and  measured. 

what  acceptance  criteria  must  be  satisfied  (e.g.  manhour  investments  required  for  the  construction 
of  a  grid  of  acceptable  quality,  grid-smoothness  properties,  etc.). 

The  analysis  of  these  user  requirements  involves  an  estimate  of  what  technical  resources  are  available  to 
implement  the  required  functions  in  a  grid-generator  code.  These  resources  are  e.g.  numerical 
grid-generation  methods,  and  available  computer/network/workstation  configurations. 

2.3  User-requirements  for  grid-generators 

Figure  2.1  illustrates  that,  at  the  input  side  of  the  grid  generation  task,  one  has  to  obtain  given 
aerodynamic  surface  configurations,  including  those  for  complete  aircraft.  These  surfaces  are  smooth, 
except  at  edge  lines,  and  a  few  vertex  points. 

Aerodynamic-surface  data  can  be  delivered  (via  file  interfaces)  from  a  large  variety  of  sources, 
e.g.  data  bases  in  different  software  packages  (SIGMA,  AEROLIS,  GAMMA,  COMPVIS,  CATIA,  PATRAN) ,  which  are 
operational  on  different  computer  systems  with  different  operating  systems.  Further,  these  data  on  files 
are  usually  in  various  formats.  This  wealth  of  possible  Input  sources  has  requirements  as  a  consequence. 
Any  aerodynamic  3D  configuration  must  be  acceptable  as  input.  In  particular,  the  grid  generator  code 
must  have  excellent  means  for  the  representation  of  the  geometric  shape  of  aerodynamic  aircraft 
surfaces . 

This  input  must  be  acceptable  from  any  source ,  via  a  standard  input  file. 

This  standard  input  file  has  a  very  simple  format,  so  that  writing  small  conversion  programs  for  bringing 
geometrical  data  into  the  format  of  this  file  requires  negligeable  effort. 

At  the  output  side  of  the  grid-generation  task,  multiblock  grids  are  produced.  User  requirements  for 
this  output  are  as  follows. 

The  grid  boundaries  should  approximate  with  sufficient  accuracy  the  geometric  shape  of  the  flow 
boundaries . 

The  qua  1 1  tv  of  the  grids  should  be  such  that  discretisation  errors  of  flow-simulation  results,  which 
are  due  to  the  grid,  can  be  made  smaller  than  an  arbitrary  user-specified  upper  limit. 

The  grid-generation  procedure  should  he  loosely  coupled  to  the  flow  simulators  (Euler,  NaS) . 

Starting  point  for  a  definition  of  grid  quality  and  acceptability  is  the  control  of  discretisation 
errors  oi  flow-simulation  results.  Ideally,  discretisation  errors  should  be  smaller  than  user-defined 
upper-limit  'Mlues,  and  the  grid  should  allow  this.  This  leads  to  quality  and  acceptability  criteria  for 
gr  id  data ,  like 

mesh  sizes  (In  principle,  it  should  be  possible  to  make  mesh  sizes  arbitrarily  small,  by 
enrichment) , 

gr  id-var iat 1  on  (including  slenderness  and  shewness  variation),  and 
.  1 oi a  1  grid  smoothness  in  the  flow  domain. 

Two  'onclusJons  follow  from  simple  asymptotic  error  analyses  ol  discretisations  of  equations. 

To  permit,  that  local  discretisation  errors  can  be  made  smaller  than  any  small  predefined  upper 
limit,  enr  ichment  (increase  of  the  total  number  of  grid  points  in  a  fixed  flow  volume,  e.g.  a  block) 
has  Co  be  possible,  to  any  degree.  A  grid  is  said  to  have  sufficient  quality  if,  everywhere  on  the 
grid,  the  local  discretisation  errors  can  be  made  smaller  than  a  small  predefined  limit  value. 
Further,  tor  a  given  fixed  total  number  of  grid  points  in  a  given  fixed  volume,  the  grid  is 
acceptable  from  the  point  o!  view  of  discretisation  efficiency,  if  the  local  cell  shapes  vary  over 
the  volume  in  such  a  way  that  a  roughly  uniform  distribution  of  discretisation  errors  of  simulation 
results  Is  obtained,  because  usually  this  will  be  optimal.  Optimal  error  variation  in  a  given  flow 
domain  volume  f or  a  giver,  number  of  grid  points  is  thus  an  economic  acceptability  criterion. 

1  he  notion  ot  local  grid  smoothness  deals  with  the  conditions  under  which  discrete  equ? f i^r.s  are 
second- order  accurate.  Usually,  during  a  consistency  and  error  analyses  of  discrete  equations,  it  is 
required  that  the  grid  is  sufficiently  smooth.  It  has  to  be  so  smooth  that  the  local  2nd-order  accuracy 
of  discrete  conservation  equations  and  boundary  conditions  is  not  destroyed  by  too  much  variation  of  the 
grid.  This  sets  limits  to  mesh  stretching  and  a  few  other  functions  describing  2nd-order  behaviour  of  the 
grid.  When  grids  are  varving,  sufficient  grid  smoothness  Is  thus  a  second  acceptability  criterion. 

An  other  important  acceptability  requirement  is  that  it  should  be  possible  to  produce  blocked  grids 
around  complete  aircraft  by  an  experienced  CFD  specialist  in  about  two  working  days.  This  requirement  is 


yet  met  by  us  with  our  current  mean; 

i ,  ne**  table  2.1. 

subtask  in  Kuler-llow  simulation 

(CODE) 

NASA-I.angley 

FI  00 

K50 

G  2  2  2 

wing-nace 1 1 e- 

propel ler 

.  topological  block  decomposition 

(PATRAN,  GAMMA) 

4  weeks 

3  weeks 

2  weeks 

8  weeks 

.  geometrical  block  decomposition 

(GAMMA,  AFR01.IS) 

4  weeks 

3  weeks 

7  weeks 

8  weeks 

.  generation  of  mui Lib  lock  grid 

(EGRID) 

4  weeks 

2  weeks 

2  weeks 

8  weeks 

.  one  Euler -flow  simulation 

(  KSOI.V) 

$  week 

f  week 

i  week 

- 

.  one  visualisation  of  results 

f  V I  Sir  3D ) 

i  week 

J  week 

$  week 

- 

Table  2.1  Rough  estimates  of  amounts  of  manpower  investments,  spent  to  subtasks  In  executed 
Fuler- flow  simul.it  ions 

This  table  explains  one  reason  why  our  current  development  and  research  efforts  are  concentrated  on 
improvement  of  the  Fu 1  or- 1 lov  simulation  system  in  the  area  of  aerodvnamic-geomet rv  handling  and  grid 
generation.  Grid  desi  ;r.  requires  too  much  manpower  compared  to  the  other  subtasks  in  numerical  flow 
simulation. 


Other  acceptability  requirements  for  the  grid  generator  procedure  are  the  following  ones. 
Interactive  options  for  the  manipulation  of  aerodynamic  surfaces  in  the  grid-generation  procedure 
(grid  points  on  configuration  surfaces  should  remain  on  those  surfaces  when  their  position  is 
shifted) . 

Tuning  of  the  quality  of  acceptable  grids  on  coarse  grids  on  workstations,  and  tuning  of 
corresponding  fine  grids  in  batch  on  a  supercomputer. 

2.4  Rationalisation  of  technical  choices 

Based  on  user  requirements  formulated  in  section  2.3  (in  fact,  these  define  only  what  input  and 
output  of  the  grid  generation  process  is  desired) ,  a  preliminary  technical  design  of  a  grid  generation 
procedure  was  prepared,  [1,2].  Thereby,  a  choice  between  various  alternative  grid-generation  techniques 
and  related  technical  issues  had  to  be  rationalized .  Our  considerations  and  decisions  were  summarized  in 
[3],  see  also  [1]. 


2.5  Test  library 

To  test  the  grid  generation  procedure  under  development,  a  library  of  test  cases  is  defined.  This 
library  consists  of  a  few  aerodynamic  configurations  which  complexity  is  estimated  to  be  representative 
for  what  one  may  encounter  in  aircraft-design  and  in  aerodynamic  research  environments.  Included  in  this 
library  are  a  few  full  transport  aircraft  configurations  or  important  parts  of  them, 
the  NASA-Langley  propeller-nacelle-wing  configuration,  [4], 
the  F100  and  F50  aircraft  configuration  (c.f.  [9]),  and 
the  AIT  C222  configuration. 

See  figure  2.2  -  2.4. 


3  Technical  description  of  the  grid-generation  process 

The  grid  generation  procedure  is  based  on  the  application  of  the  following  technical  concepts. 

1.  Flow  domains  are  made  finite.  Grids  are  made  boundary  conforming. 

2.  A  multiblock  approach  is  applied. 

3.  The  block  decomposition  of  the  flow  domain  around  a  given  3D  aerodynamic  configuration  is  done  in  two 
steps . 

a.  First,  the  topology  of  the  block  decomposition  is  defined.  Purpose  of  this  step  is  the  construction 
of  topology  tables  that  describe  how  the  vertices,  edges,  faces,  and  blocks  in  a  block 
decomposition  are  connected  to  each  other,  and  what  are  the  positive  directions  of  curvilinear  3D, 
2D,  or  ID,  boundary-conforming  coordinate  systems  in  blocks,  in  faces,  and  in  edges,  respectively, 
see  [5,6].  In  this  stage,  it  is  possible  to  work  with  very  rough  geometric  approximations  of  the 
true  geometric  shape  of  aerodynamic  configuration  surfaces,  so  that  e.g.  the  geometry  software 
package  PATRAN  can  be  used.  (However,  see  the  remarks  in  section  4.)  Data  sizes  are  relatively 
small,  in  this  stage. 

b.  In  the  second  step,  given  these  topology  tables,  the  corresponding  geometric  shape  of  the  blocks 
and  its  faces  and  edges,  and  the  position  of  the  vertices  are  defined. 

In  particular,  the  geometric  shape  of  block  faces  on  the  aircraft  configuration  are  defined  from 
the  given  input  of  the  grid  generation  procedure.  This  geometric  shape  is  stored  in  the  form  of 
function  prescriptions  (not:  points  to  be  interpolated  in  an  unspecified  way). 

Logically,  we  consider  these  two  steps  as  strictly  sequential,  so  that  data  for  the  geometric  shape  of 
block  faces,  edges,  and  vertices  are  defined  on  top  of  data  for  the  topology  stored  in  topology 
tables.  Below  it  will  become  clear  that  this  hierarchical  data  structuring  is  used  to  obtain  simple 
geometry-definition  procedures  for  large  numbers  of  block  vertices,  edges,  and  faces  in  the  flow 
domain . 

4.  Blocks  are  packed  block-face  to  block-face,  without  gaps  or  overlaps.  Algorithms  in  flow  simulators 
for  the  coupling  of  flows  over  block  faces  may  thus  be  based  on  2D  data  structures,  which  offers  good 
opportunities  for  vec tor lsat ion  and  paral lellisation  of  algorithms. 

5.  The  geometric  shape  of  each  block  face  (including  those  on  given  aerodynamic  configuration  surfaces) 
if  drifted  by  given  functions  of  two  parameters.  These  functions  define  smooth  block-face  surfaces. 

The  function  prescriptions  are  required  in  the  grid  generator,  when  grid  points  in  given  block-face 
surfaces  are  computed. 

6.  Transfinite  interpolation  is  used  to  Initialize  grid-point  distributions,  see  point  9  below. 

7.  Elliptic  grid-generation,  with  user-controlled  scaled  dimensionless  weight  functions  for  mesh-size 
tuning,  is  used  to  tune  a  grid,  see  [1 ,3,5,6],  and  point  9  below. 

8.  Grid  lines  ire  made  continuous  over  block  faces  and  over  block  edges,  but  not  slope-continuous,  see 
figure  3.1.  When  the  grid  would  be  required  to  have  more  smoothness  over  block-faces,  this  would 
simplify  the  grid-generation  and  flow  simulator  algorithms,  because  a  number  of  special  algorithms  at 
block  faces  are  then  no  longer  needed.  However,  in  such  cases,  the  control  of  the  acceptability  and 
quality  of  the  grid  near  corners  like  that  of  figure  3.2  will  usually  become  a  problem.  A  rigorous 
solution  is  not  to  require  slope-continuity.  The  corresponding  complications  in  the  numerical 
algorithms  in  the  flow  simulator  can  be  solved  by  standard  numerical  techniques,  [7,8]. 

9.  A  further  advantage  of  requiring  only  grid-line  continuity  over  block  faces  and  face  edges  is  that  the 
grid-generation  procedure  may  be  decomposed  into  a  sequence  of  three  substeps.  This  decomposition 
offers  good  options  for  controlling  grid  quality  and  acceptability  (as  defined  in  section  2.3) 
locally,  in  a  sence  made  precise  in  point  10. f.  The  substeps  are  as  follow. 

a.  First,  the  grid  in  the  interior  of  each  block-edge  curve  Is  constructed,  with  the  two  given  vertex 
points  kept  fixed.  For  each  edge,  a  3D  vector  function  defining  the  geometric  shape  of  the  edge 
curve,  is  given.  The  grid  points  on  the  edge  interior  are  usually  defined  by  an  elliptic  technique. 
Thereby  the  grid  points  are  shifted  along  the  edge  curve  to  desired  locations,  specified  by  a 
given,  user-defined,  positive  weight  function  w(£)* 

b.  In  the  second  step,  the  grid  in  the  interior  of  each  block-face  surface  is  constructed,  with  the 
grid  in  each  edge  curve  known  now.  For  each  face  surface,  a  3D  vector  function  defining  the 
geometric  shape  of  the  face  surface,  is  given.  To  obtain  an  initial  grid  in  the  face,  transfinite 


bilinear  interpolation  in  the  two  independent  variables  of  this  vector  function  is  applied.  Thereby 
the  independent-variable  values  at  the  given  grid  points  on  each  of  the  four  face  edges  are 
bilinearly  interpolated  to  independent-variable  values  at  interior  grid  points  in  the  face.  These 
are  subsequently  substituted  in  the  vector  function  prescription  to  obtain  the  grid  points  on  the 
face.  Usually,  in  a  large  percentage  (say,  80%)  of  the  block  faces,  this  transfinite  interpolation 
procedure  produces  in  faces  acceptable  grids  of  sufficient  quality. 

When  the  grid  in  a  face  produced  by  the  transfinite  bilinear  interpolation  is  unacceptable  or  of 
insufficient  quality,  elliptic  mesh  tuning  is  subsequently  applied  to  define  in  the  face  the  grid 
point  distribution,  using  two  partial  differential  equations  (these  are  particular  forms  of 
spring-analogy  equations)  to  define  the  required  independent-variable  distributions, 

c.  In  the  third  step,  the  grid  in  the  Interior  of  each  block  volume  is  constructed,  with  the  grid  in 
each  of  the  six  blocks  faces  known  from  step  b.  In  each  block,  to  obtain  an  initial  grid,  trilinear 
transfinite  interpolation  in  the  given  grid  points  on  the  six  block  faces  (defined  in  step  b)  is 
applied,  with  the  computational  coordinates  (£,  n,  O  f  [0,1 ]3  in  the  block  volume  as  independent 
variables.  Usually,  this  produces  in  nearly  each  block  acceptable  grids  of  sufficient  quality.  In 
blocks,  where  this  is  not  the  case,  the  grid  points  are  defined  by  solving  subsequently  three 
elliptic  partial  differential  equations  (c.f.  [3,6,7]  for  details  about  their  definition). 

10.  Analysis  of  the  structure  of  this  3-step  grid-construction  process,  first  in  edges,  then  in  faces,  and 
finally  in  blocks,  shows  that  various  easy  understandable  mechanisms  are  available  to  control  the 
acceptability  and  the  quality  of  the  multiblock  grids  to  be  produced. 

a.  For  a  given  block-decomposition  topology,  che  position  (in  the  flow  or  on  the  aerodynamic 
configuration)  of  each  vertex  point  can  be  arbitrarily  defined  within  usually  wide  limits. 

b.  The  geometric  shape  of  each  edge  curve  segment  can  be  arbitrarily  defined,  between  its  two  vertex 
points.  In  our  algorithms,  a  straight  line  segment  between  the  two  vertex  points  is  the  default 
edge  shape. 

c.  The  geometric  shape  of  each  face  surface  segment  can  be  arbitrarily  defined,  between  its  four  edge 
curves.  In  our  algorithms,  a  bilinear  transfinite  fit  between  the  four  edge  curve  segments  (these 
can  thus  be  completely  arbitrary  continuous  curves)  is  the  default  face  shape. 

d.  Given  the  topology  of  a  block  decomposition  of  a  flow  domain,  there  is  thus  much  flexibility  in 
using  the  block-decomposition  geometry  for  the  control  of  the  acceptability  and  quality  of  the 
multiblock  grid  constructed  on  top  of  it. 

e.  Because  it  is  required  that  grid  lines  are  continuous  over  block  faces  and  over  face  edges,  there 
exist  tight  relations  between  the  total  number  of  grid  lines  in  the  various  computational 
coordinate  directions  in  the  blocks,  the  faces,  and  the  edges,  which  constrains  the  control  over 
grid  quality. 

f.  However,  in  each  edge,  for  each  given  total  number  of  grid  points  in  the  edge,  the  distribution  of 
the  grid  points  can  be  completey  freely  chosen.  This  offers  thus  good  options  for  local  mesh  tuning 
in  edges. 

Similarly,  in  each  face,  the  distribution  of  the  grid  points  in  the  face  interior  has  only  to  be 
matched  smoothly  to  the  grid  point  distributions  in  the  four  edges.  And  In  each  block,  the 
distributions  of  the  grid  points  in  the  block  interior  has  only  to  be  matched  smoothly  to  the  grid- 
point  distributions  in  the  six  faces. 

g.  A  grid  in  an  edge  defines  only  the  grid  in  each  face  and  block  which  has  that  edge  on  its  boundary. 
>ut  the  grid  in  the  other  blocks  and  faces  is  completely  independent  of  the  grid  in  that  edge.  This 
property  offers  the  posibility  to  adapt  grids  only  locally,  by  modifying  the  geometric  shape  of 
that  edge,  and/or  the  grid-point  distribution  in  that  edge. 

Similarly,  modifications  in  the  geometric  shape  of  a  face,  and/or  the  grid-point  distributions  in  a 
face  or  in  a  block,  change  a  grid  only  locally.  This  'locality*  property  is  extremely  useful  when 
improving  grids,  by  manual  interaction  for  example. 

11.  A  summary  of  the  various  mechanisms  for  the  control  of  the  acceptability  and  quality  of  grids  is 
listed  in  the  table  below. 

.  Vertex-point  positions, 

manipulation  of  block-decomposition 

edge-curve  shapes, 

geometry  (of  given  topology). 

fti*_e-»ui  jliapes. 

Numbers  of  grid  points,  per  coordinate  direction 
(constraining  effect  of  grid-line  continuity). 

.  Grid-point-distribution  control  from  edges  into  faces  into  blocks,  using  user-defined  positive 
dimensionless  weight  functions,  in  edges,  and  in  faces  and  blocks  only  if  required. 

Three-step  procedure:  edges  ♦  faces  -*■  blocks. 

.  Grid-control  is  local. 

4.  Experiences  with  the  grid-generator  procedure 

From  experiences  with  the  grid-generation  procedure  with  the  aerodynamic  configurations  listed  in 
table  2.1,  it  was  found  that  the  procedure  satisfies  most  requirements  of  section  2.3  (User  requirements 
for  grid  generators.)  It  is  possible  to  construct  multiblock  grids  around  complicated  3D  aerodynamic 
configurations,  and  Euler-flow  calculations  including  propeller-slipstream  simulations  can  be  made  with 
success . 

A  few  examples  of  constructed  grids  are  presented  in  figures  4.1a  through  d. 

Strong  points  of  the  grid-generation  procedure  were  found  to  be  the  following. 

1.  The  face-to-face  packing  of  blocks  (without  gaps  or  overlaps)  and  the  continuity  of  the  grid  lines 
over  block  faces  and  over  face  edges  leads  to  simple  data  structures  in  the  grid-generator  code  and  in 
the  flow-simulator  code. 

2.  The  advantages  of  requiring  only  grid-line  continuity  over  block  faces  and  over  face  edges,  and  no 
more  smoothness,  seem  to  outwelght  the  disadvantages.  Advantages  are  the  points  3-7  below. 

3.  Control  of  grid  acceptability  and  grid  quality  (resolution),  by  manipulation  of  the  given  geometrical 
shape  of  faces  and  for  edges,  and  of  the  position  of  vertices,  has  been  used  several  times,  and  turned 
out  to  he  useful. 


4.  Similarly,  control  or  grid  acceptability  and  quality  by  the  weight  functions  in  the  elliptic 

i.d-generation  procedure  produces  usually  acceptable  grid-point  distributions. 

5.  The  default  rules  for  the  definition  of  the  geometric  shapes  of  block  edges  and  of  block  faces 
(section  3,  points  10. b,  10. c),  which  do  not  require  user-input  of  geometric  data,  are  in  practice 
often  applicable,  and  thus  very  useful. 

6.  In  most  faces  and  in  most  blocks,  bl-  and  trilinear  transfinite  interpolation  produces  acceptable 
grids  of  good  quality,  when  the  grid  points  in  edges  have  been  correctly  distributed  by  an  elliptic 
method.  Here,  most  faces  and  blocks  means  of  the  order  of  80%  of  the  faces  and  all  blocks.  This 
procedure  is  succesful  when  independent  variables  In  the  function  prescriptions  for  edges,  faces,  and 
blocks  are  correctly  tuned  to  each  other.  Grid  tuning  with  the  comparitively  expensive  elliptic 
methods  can  thus  be  avoided  in  the  vast  majority  of  blocks  and  faces. 

7.  The  ’locality*  property  (section  3,  point  10. g)  of  the  control  mechanisms  for  the  constrcution  of 
acceptable  grids  of  sufficient  quality  turned  out  to  be  very  useful,  when  grids  had  only  locally  to  be 
improved . 

The  grid  generation  procedure  needs  also  improvement. 

1.  Definition,  modification,  and  other  manipulations  of  the  topology  and  geometry  data  of  a 
block-decomposition  of  a  flow  domain  around  a  complex  3D  aerodynamic  configuration  turned  out  to 
require  much  manpower,  and  to  contribute  significantly  to  long  turnaround  times  for  grid  generation. 
The  software  for  topology  definition  (PATRAN)  and  for  subsequent  geometry  definition  (SIGMA,  AEROLIS, 
CATIA,  etc.)  can  be  used.  However,  PATRAN  cannot  handle  aerodynamic  surfaces  with  sufficient  accuracy, 
and  slight  topology  changes  produce  large  changes  in  topology  data.  The  other  geometry  software 
packages  were  found  to  have  a  high  user  threshold  for  CFD  specialists.  It  was  concluded  that  much 
shorter  turnaround  times  for  the  construction  of  block  decompositions  will  require  special  software 
for  the  integrated  definition  of  topology  and  aerodynamic  geometry  data,  to  be  handled  by  CFD 
specialists . 

2.  The  requirement  of  face-to-face  packing  of  blocks  leads,  in  most  applications  with  complicated 
aerodynamic  configurations,  to  a  large  number  of  blocks  with  relatively  small  block  volumes.  For  a 
complete  aircraft,  the  number  of  blocks  is  of  the  order  of  500  -  1000.  The  manipulation  of  this  amount 
of  blocks  (and  of  a  similar  amount  of  vertices,  edges,  and  faces)  during  block  decomposition  and  grid 
generation  is  cumbersome.  Further,  because  block  volumes  are  relatively  small,  even  on  fine  grids  the 
total  number  of  grid  points  per  block  becomes  also  relatively  low  (say,  of  the  order  of  203),  so  that 
vector  operations  (usually,  only  inner  loops  of  nested  loops  are  auto-vectorized)  become  slower  than 
desired.  Hence,  it  is  desired  to  enlarge  block  volumes,  to  enhance  vector  performance  in  the  flow 
simulator,  and  to  reduce  at  the  same  time  the  total  number  of  blocks,  faces,  edges,  and  vertices,  to 
reduce  the  administrative  tasks  of  a  grid  designer. 

3.  Further  it  was  found  that  the  mechanisms  for  the  control  over  the  quality  of  grids  requires 
considerable  improvement,  to  eliminate  accuracy  and  approximation-efficiency  problems  with 
flow-simulation  results.  To  explain  how  this  arises,  observe  first  that  the  requirements  of 
face-to-face  patching  of  blocks  and  of  continuity  of  grid  lines  has  as  a  consequence  that,  in  complex 
3D  block  decompositions,  many  grid  lines  are  continuous  through  chains  of  blocks  from  e.g.  flow 
boundary  to  flow  boundary.  Of  course,  grid-cell  volumes  are  chosen  small  in  blocks  with  high  flow 
gradients  (near  wing  leading  and  trailing  edges,  inlet  lips,  etc.),  which  leads  to  high  grid-point 
densities  in  blocks  covering  such  regions.  But  because  grid  lines  are  continuous  over  block  faces, 
this  high  density  is  also  propagated  into  other  blocks  where  this  may  not  be  required,  e.g.  outer-flow 
regions  near  infinity.  In  order  to  prevent  too  dense  grids  in  such  outer  blocks,  designers  make 
compromises  by  accepting,  in  blocks  which  should  have  dense  grids,  grids  which  are  locally  too  coarse, 
so  that  here  flow-simulation  results  are  locally  to  inaccurate.  Hence,  there  is  a  need  for  grid 
refinement/coarsening  over  block  faces,  like  illustrated  in  figure  4.2,  where  grid  lines  can  terminate 
on  block  faces,  so  that  they  do  not  propagate  Into  blocks  where  a  smaller  grid-point  density  is 
sufficient  for  good  grid  quality. 

4.  When  the  grid-point  densities  in  different  blocks  are  strongly  related  to  each  other  due  to  a 
continuity  requirement  of  grid  lines  at  block  faces,  grid  designers  spend  (too)  much  manhour  time  in 
manually  optimizing  stretch-factor  behaviour  and  other  second-order  behaviour  of  the  grid-point 
distributions,  to  prevent  large  variations  in  grid-point  densities  over  a  block  volume. 

5.  Sometimes  grid  folding  is  encountered.  Efficient  repair  by  an  ad  hoc  procedure  is  usually  possible,  if 
the  folded  region  can  be  quickly  detected  and  visual  inspection  means  are  available  for  analysis. 

6.  The  coupling  between  the  grid  generator  code  and  the  visualisation  code  can  be  made  loose  (two 
different  computer  codes  in  one  job-control  loop,  coupled  by  files).  This  situation  is  excellent  from 
the  point  of  view  of  task  decomposition,  but  a  more  tight  coupling  is  necessary  from  the  point  of  view 
of  the  man  at  the  workstat Ion/ terminal , 


5 .  Improvements 


5.1  Introduction 


The  block-decomposition/grid-generation  procedures,  and  the  corresponding  procedures  for  the 
manipulation  of  surfaces  on  aerodynamic  configurations  and  in  the  flow,  are  given  the  desired  properties 
by  introducing  new  data  structures  for  multiblock  grids,  and  new  algorithms  for  block  decomposition  and 
grid  generation.  The  new  technical  concepts  are  sketched  in  sections  5.2  -  5.6  below. 

5.2  Elementary  and  compound  blocks,  faces,  and  edges 

When  blocks  are  packed  block-face  to  block-face,  a  collection  of  blocks,  faces,  and  edges  is 
obtained.  These  blocks,  faces  and  edges  may  be  called  elementary,  to  dlstinqulsh  them  from  another  kind 
of  blocks,  faces,  and  edges  to  be  introduced  below.  Such  collections  of  elementary  blocks  can  be 
described  both  topologically  and  geometrically  by  simple  mathematical  constructions,  which  can  easily  be 
mapped  in  computer  codes.  Exactly  this  simple  structuring  is  also  the  reason  why  elementary-block 
subdivisions  are  insufficiently  flexible  for  control  of  the  accuracy  of  flow-solver  results,  and  why 
vector  lengths  are  relatively  short.  Is  is  thus  necessary  to  generalize,  to  eliminate  these  problems. 
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A  mathematically  well-structured  approach  is  obtained  when  unions  of  elementary  blocks ,  faces,  or 
edges  are  allowed  to  be  combined  into  a  new  so-called  compound  block,  face,  or  edge.  Moreover,  the 
concepts  of  an  elementary  block,  face,  and  edge  have  to  be  generalized  somewhat.  The  definitions  of  these 
entities  are  now  as  follows. 

a.  An  elementary  edge  is  a  curve  segment  in  space,  with  the  topology  of  the  unit  interval,  with  two 
vertex  points  as  its  end  points. 

b.  A  compound  edge  is  the  union  of  two  (elemenf«»ry  and/or  compound)  edges,  joined  together  at  a  common 
interior  vertex  point. 

c.  An  elementary  face  is  a  surface  segment  in  space,  with  the  topology  of  the  unit  square,  with  four 
(elementary  and/or  compound)  edges  as  its  boundary. 

d.  A  compound  face  is  the  union  of  two  (elementary  and/or  compound)  faces,  joined  together  at  a  common 
interior  (elementary  or  compound)  edge.  This  union  should  also  have  the  topology  of  the  unit  square, 
and  have  four  edges. 

e.  An  elementary  block  is  a  volume  segment  in  space,  with  the  topology  of  the  unit  cube,  and  with  six 
(elementary  and/or  compound)  faces  as  its  boundary. 

f.  A  compound  block  is  the  union  of  two  (elementary  and/or  compound)  blocks,  joined  together  at  a  common 
interior  (elementary  or  compound)  face.  This  union  should  also  have  the  topology  of  the  unit  cube,  and 
have  six  faces. 

Conceptually,  the  generalisation  is  nothing  else  than  that  each  union  of  elementary  blocks,  having 
also  the  topology  of  a  unit  cube,  is  accepted  as  a  new  compound  block.  Further,  each  union  of  elementary 
faces  having  the  topology  of  a  unit  square,  is  also  accepted  as  a  new  compound  face,  and  each  union  of 

edges  having  the  topology  of  the  unit  interval  is  also  accepted  as  a  new  compound  edge. 

It  will  be  evident  from  the  definitions  that  each  compound  entity  (block,  face,  edge)  may  be 
decomposed  into  a  union  of  elementary  corresponding  entities  via  binary-tree  data  structures,  with 
elementary  entities  at  the  leaves,  and  compound  entities  at  the  nodes. 

Using  compound  entities,  it  is  possible  to  greatly  reduce  the  chaining  effects  in  elementary-block 
decompositions,  because  a  block  face  may  now  terminate  in  an  interior  edge  of  a  compound  face  of  an 

adjacent  block,  without  propagating  into  that  block  due  to  a  requirement  of  a  block-face  to  block-face 

packing.  This  feature  allows  grid  designers  considerably  better  control  over  the  geometrical  modeling  of 
blocks  and  the  positioning  of  blocka  with  respect  to  each  other. 

5.3  Grid  refinement  per  block  and  per  computational-coordinate  direction 

Compound  blocks  are  necessary  but  not  sufficient  to  realise  sufficient  control  of  grid  point 
densities.  In  addition  it  is  necessary  to  allow  that,  in  each  block,  the  grid  point  density  can  be 
defined  practically  independently  from  that  in  adjacent  blocks. 

This  requirement  raises  the  question  how  the  grids  and  the  flow  states  in  two  different  adjacent 
blocks  should  be  related  to  each  other  at  a  common  face.  To  analyse  this  question,  two  extreme  cases  are 
considered  first. 

a.  When  each  grid  line  is  continuous  from  one  block  over  the  common  face  into  the  other  block,  the  data 
structures  for  grid  geometry  and  flow  states  in  each  of  the  two  blocks  are  closely  related  to  each 
other.  They  can  in  fact  be  related  to  each  other  in  computational  space  using  topology  data,  because 
the  grid-point  mult i-indice6  in  the  two  blocks  can  be  mapped  onto  each  other  by  a  linear  relation. 
However,  the  advantage  of  the  simplicity  of  this  mapping  is  at  the  same  time  a  constraining  factor, 
because,  near  the  common  face,  the  grid-point  densities  in  the  two  blocks  are  about  equal  due  to  this 
linear  mapping. 

b.  When  the  grids  in  the  two  blocks  at  each  side  of  the  common  face  would  be  completely  unrelated, 
grid-point  multi-indices  of  the  two  grids  must  be  related  to  each  other  in  physical  space  via  the 
geometrical  position  of  grid  points  in  the  common  face.  This  involves  complex  search  procedures,  and 
produces  a,  in  general  very  nonlinear,  relation  between  the  grid-point  indices  of  the  two  blocks.  The 
advantage  of  complete  freedom  in  defining  grid-point  density  in  each  block  is  thus  obtained  at  the 
cost  of  this  nonlinear  multi-index  relation. 

A  reasonable  compromise  between  these  two  unattractive  alternatives  is  to  keep  the  property  that 
grid-point  multi-indices  of  the  two  grids  are  mapped  onto  each  other  by  a  linear  relation,  but  to  allow 
grid-point  densities  over  faces  to  increase  or  decrease,  by  applying  grid  coarsening/refinement  over 
block  faces.  See  figure  4.2  for  an  illustration.  The  coarsening/ref lnement  is  allowed  independently  in 
each  of  the  three  computational  directions.  Of  coarse  this  presumes  that  in  the  solver  special 
block-coupling  algorithms  are  available,  that  are  conservative,  and  in  general  second-order  accurate. 

5.4  Numerical  aerodynamic  geometry  modeling 

As  discussed  in  section  4,  it  became  recently  clear  that  numerical  aerodynamic  geometry  modeling  in 
the  block-decomposition/grid-generator  codes  is  required  because,  for  CFD  specialists,  the  user  threshold 
of  current  geometry  software  packages  is  very  high,  and  the  required  functionality  for  Euler  and  NaStokee 
flow  calculations  is  not  available  (e.g.  double  curved  surfaces  in  the  flow). 

Face  surfaces  are  defined  by  control-point  distributions,  arranged  in  2D  arrays,  which  are 
interpolated  to  a  unit-normal  continuous  face  surface,  by  patching  together  transfinite  bicubic  Hermite 
polynomials,  one  for  each  patch  spanned  by  four  control  points. 

It  is  important  to  observe  that  a  unit-normal  continuous  surface  may  be  represented  by  an 
interpolating  function  with  weaker  continuity  than  (^-continuity.  This  fact  may  be  exploited  to  optimize 
the  qualitative  behaviour  of  the  curvature  of  the  surface  represented  by  the  Hermite  polynomials.  This 
optlmallzatlon  is  aerodynamically  useful. 

This  approach,  whereby  a  face  surface  is  represented  by  patched  bicubic  transfinite  Hermite 
polynomials  interpolating  a  2D  array  of  face-surface  control  points,  may  be  compared  to  approaches,  in 
which  an  underlying  analytic  surface  definition  from  a  geometry  software  package  is  used,  which  must  then 
not  be  compromised  during  multiblock  grid  generation.  We  consider  our  approach  as  more  efficient  and 
flexible  because,  in  the  flow  solver,  aerodynamic  configuration  surfaces  are  approximated  anyhow  by  grid 
point  distributions.  It  has  then  no  sense  to  stick  to  a  unique  aerodynamic-surface  definition  in  the 
block-decomposltlon/gr id-generation  process  when  this  is  cumbersome,  provided  the  CFD  specialist  is 
offered  full  Information  about  and  control  over  the  geometrical  approximations  he  is  making  during  the 
manipulation  of  aerodynamic  surfaces. 


Another  important  topic  concerning  aerodynamic  geometry  modeling  is  that  of  natural  (i.e.  physically 
relevant)  independent  variables  (parameters)  in  the  3D  vector  functions  defining  the  geometrical  shape  of 
an  edge  curve  or  of  a  face  surface. 

It  was  found  that,  during  grid  generation  in  a  face,  usually  good  grids  could  be  obtained,  using 
only  transfinite  bilinear  interpolation,  if  the  grid-point  distribution  in  each  of  the  four  edge  curves 
of  the  faces  was  appropriately  defined.  In  each  of  the  four  edge  curves,  the  corresponding  distribution 
of  the  independent  variables  in  the  3D  vector  functions  for  the  face  geometry  are  then  also  known.  A  grid 
may  then  be  defined  in  two  steps.  First,  in  the  face  interior,  a  uniform  distribution  of  the  two 
independent  variables  between  their  edge  values  is  defined  using  bilinear  transfinite  interpolation  in 
the  independent  variables  on  the  four  edges.  Next,  each  pair  of  independent-variables  values  of  this 
distribution  is  substituted  in  the  3D  vector  function  for  the  face  geometry,  to  produce  a  grid  point  in 
space  on  the  face. 

This  procedure  fails  when  the  independent  variables  in  for  example  two  opposite  edges  are 
differently  defined,  for  example,  arc  length  in  one  edge,  and  control-point  index  in  the  other  edge  with 
a  very  non-uniform  control-point  distribution.  In  such  a  case,  the  above  procedure  may  produce  unexpected 
distributions  of  grid  points  in  the  face. 

In  order  to  prevent  such  unexpected  behaviour,  it  is  necessary  to  use  geometrically  meaningful 
independent  variables.  They  are  called  here  natural  variables  (or  parameters).  Arc  lengths  along 
parameter  lines  are  expected  to  be  a  good  choice  in  general,  but  other  choices  may  occasionally  be  also 
useful . 

The  use  of  natural  parameters  and  multi-linear  transfinite  grid  generation  for  the  final  generation 
of  complete  multiblock  grids  is  now  under  development. 

5.5  Control  of  grid  quality  and  acceptability 

It  may  be  expected  that  CFD  specialists  will  have  considerably  better  options  for  controlling  the 
quality  and  acceptability  of  a  multiblock  grid,  when  the  following  technical  means  are  available. 

-  Both,  compound  and  elementar>  faces  and  edges  available  for  use.  (Compound  blocks  are  not  needed.)  If 
desired,  enclose  in  special  blocks  regions  requiring  extra  dense  grids,  or  allowing  coarser  grids.  Use 
of  unit-normal  continuous  surfaces  defined  by  patches  of  bicubic  transfinite  Hermite  polynomials,  to 
position  complicated  block  faces  in  the  flow. 

-  Grid-point  density  defined  per  block,  under  the  constraint  that  computational  multi-indices  of  grid 
points  in  each  common  face  of  two  blocks  can  be  mapped  onto  each  other  by  a  linear  transformation. 

Grid  refinement/coarsening  over  block  faces  allowed  (grid-point  density  control  here). 

-  Grid  tuning  has  the  'locality*  property  discussed  above.  Grid  tuning,  using  in  subsequently  each  edge, 
each  face,  and  each  block,  the  chain  of  mappings: 

:  computational  coordinate  (s)  in  edge,  face,  or  block  -*■ 

-*•  weight  function(s)  for  grid  tuning  (grid  smoothness  control  here): 

:  natural  independent  variable(s)  in  edge,  face  or  block  -*■ 

-*■  3D  vector  function  defining  the  geometrical  shape  of  the  edge,  face,  or  block: 

:  grid-line  coordinate (s)  in  edge,  face,  or  block. 

Bi-  and  trilinear  transfinite  interpolation  is  used  to  define  weight  functions  in  faces  and  in  blocks 
from  those  in  the  edges  and  faces,  respectively. 

5.6  Hyperblocks 

A  hyperblock  is  a  collection  of  blocks,  arranged  to  form  a  desired  topological  structure,  and  having 
a  rough  geometrical  shape  that  may  be  defined  in  detail  as  desired.  Examples  are  the  Cartesian, 
Cylindrical,  and  Spherical  hyperblock  structures  of  figure  5.1. 

Hyperblocks  may  become  useful  to  speed  up  the  interactive  block-decomposition  process,  by  inserting 
automatically  around  a  given  aerodynamic  configuration  part  a  large  number  of  blocks,  faces,  edges,  and 
vertices  in  one  hyperblock  with  one  hyperblock  command.  It  remains  to  be  investigated  whether  this 
feature  is  really  needed  in  practice,  because  the  use  of  compound  faces  and  edges  may  in  practice 
eliminate  the  need  for  hyperblocks.  In  particular  when  graphical  workstations  are  fast  enough. 

6 .  Concluding  discussion 

The  scientific  technical  Issues  to  be  reported  here  are  what  may  be  learned  from  past  experiences, 
and  to  conclude  from  them  how  to  proceed  In  near  future  with  the  grid-generation  discipline. 

Multiblock  grids  can  be  used  with  success  for  numerical  flow  simulations  around  complex  aerodynamic 
configurations  (section  A).  This  may  be  achieved  by: 

.  integrating  development  work  in  grid  generation  with  corresponding  work  in  flow-solver  development 
(section  2.1,  2. 3-2. 5), 

.  developing  new  mathematical  theory  for  the  description  and  construction  of  the  topology,  the  geometry, 
and  the  grid-point  distributions  for  numerical  multiblock- flow  simulation,  and  by 
.  developing  new  corresponding  block-coupling  algorithms  in  the  flow  solver  [7,8]. 

In  section  5,  five  technical  concepts  for  the  improvement  of  the  multiblock  grid  generation 
procedure  are  proposed.  They  may  in  particular  be  used  to  improve  the  accuracy  of  the  flow  simulation 
results  and  their  stable  computation  (sections  4,  2.1),  and  to  reduce  manhour  investments  in  the 
construction  of  multiblock  grids.  These  five  concepts  are: 

1.  compound  blocks,  faces,  and  edges  (section  5.2), 

2.  grid  refinement  per  block  (section  5.3), 

3.  new  aerodynamic-geometry  modeling  techniques  (section  5.4), 

4.  control  of  grid  quality  and  acceptability  with  various  new  concepts  (section  5.5),  and 

5.  hyperblocks  (section  5.6). 

It  may  be  expected  that  the  incorporation  of  these  concepts  in  the  multiblock  flow  simulator  codes 
will  greatly  improve  the  system  in  the  desired  directions.  Because  the  concepts  are  introduced  now,  the 
firm  proof  of  this  expectation  cannot  yet  be  presented  here. 
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Fig.  2.1  Block  decomposition  and  grid  generation  as  subtasks  In  a  numerical  flow  simulation. 


Fig.  2.3  Fokker  50  and  Fokker  100  configurations. 


Fig.  4.1b  Example  of  collection  of  grid  planes. 
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SUMMARY 

Three  examples  of  different  grid  generation  procedures  are  reported  in  this  paper.  The 
first  one  is  based  on  a  single-block  approach  but  nevertheless  it  is  able  to  handle  very 
complex  aircraft  conf iguratons  and  requires  only  a  minimum  of  user  input.  This  system  was 
the  base  for  the  development  of  the  following  patched  grid  method.  The  next  example  shows 
the  application  of  the  patched  grid  technique  for  the  zonal  solution  of  Euler,  boundary- 
-layer  and  Navier-Stokes  equations  and  demonstrates  the  ability  of  this  method  to  achieve 
the  necessary  local  grid  refinement  for  viscous  calculations.  Finally  an  application  of  a 
patched  grid  method  for  an  Euler  code  with  a  shock  fitting  approach  for  supersonic  cal¬ 
culations  is  presented.  Here  the  grid  near  the  body  surface  is  fixed  whilst  the  grid  in 
the  outer  region  is  moved  so  that  it  can  be  adapted  to  the  location  of  the  bow  shock. 


1.  INTRODUCTION 

Grids  which  are  used  for  Euler  calculations  are  usually  continuous  over  the  whole 
computational  domain  because  this  is  the  most  simple  way  for  the  implementation  of  the 
flow  solver.  For  the  solution  of  the  Navier-Stokes  equations  however,  it  may  be  impos¬ 
sible  to  generate  a  suitable  continuous  grid,  at  least  for  more  complex  configurations. 
In  this  case  the  use  of  patched  grids  is  a  very  attractive  way  to  solve  the  problem.  But 
this  approach  is  not  limited  to  Navier-Stokes  solutions  because  the  use  of  patched  grids 
offers  the  possibility  to  introduce  local  grid  refinement  and/or  local  grid  adaption 
easily. 

For  the  patched  grid  approach  the  computational  domain  is  divided  into  different  regions. 
In  each  region  the  grid  may  be  adapted  to  the  special  requirements  of  the  flow  solver. 
These  grids  are  finally  patched  together  to  cover  the  whole  flowfield.  This  may  be  done 
in  two  different  ways.  In  the  blocked  approach  the  grids  fit  together  so  that  there  is  no 

overlapping.  Another  method  is  to  overlay  the  different  grids  so  that  the  grid  lines  are 
really  overlapping.  This  grid  is  much  simpler  to  generate  but  problems  in  the  flow  solver 
may  arise  because  of  the  necessary  interpolation  work  and  because  a  conservative  dis¬ 
cretization  of  the  governing  equations  is  very  difficult.  Applications  of  both  methods 
are  included  in  this  report. 

The  paper  starts  with  a  short  discussion  of  the  advantages  of  CAD  systems  for  surface 
grid  generation.  This  is  followed  by  an  overview  of  the  basic  grid  generation  algorithms 
that  are  used.  The  major  part  is  the  description  of  various  grid  generation  methods.  This 
includes  grids  for  complex  configurations  suitable  for  Euler  solutions,  patched  grids  for 
zonal  solutions  (a  coupling  of  Euler/ bounda ty- laye r,-  Nav ie r-S tokes  equations)  and  adaptive 
moshes  for  a  shock  fitting  Euler  code. 


2.  SURFACE  GRID  GENERATION 

The  surface  geometcy  of  new  aerodynamic  configurations  is  usually  developed  nowadays 
using  CAD/CAM  systems  (Computer  Aided  Design/Computer  Aided  Manufacturing),  in  which  the 
geometry  is  represented  by  mathematical  functions.  The  CAM  part  of  them  allows  direct 
programing  of  NC-machines  (Numerically  Controlled)  and  thus  represents  the  connecting 
link  between  construction  and  production.  Since  the  constructed  geometry  is  represented 

best  in  the  CAD  system  it  is  the  natural  way  to  use  CAD  also  for  the  generation  of  sur¬ 
face  grids  required  for  numerical  simulations  and  to  link  construction  and  numerical 

simulation  in  this  way.  In  contrast  to  the  usual  proceeding,  where  the  geometry  is  trans- 

fered  to  the  grid  generation  algorithm  by  means  of  point  coordinates  which  are  to  be 
interpolated,  a  deformation  of  the  geometry  is  completely  avoided.  Due  to  the  interactive 
1  working  technique  and  the  plotting  devices  inherent  in  CAD  systems,  grid  generation  can 

be  done  ve.y  efficiently.  Only  few  additional  features  compared  to  standard  CAD  systems 
ace  to  be  provided,  which  are  known  mainly  from  conventional  grid  generation,  like 
input/output  routines,  routines  to  compute  point  distributions  along  lines  etc. 

In  the  following  the  surface  grid  generation  for  a  hypersonic  forebody  configuration 
1  using  the  CAD  system  CATIA  will  be  described  exemplary.  The  lines  i-const.  (i-lines)  are 

{  situated  in  cross  section  planes.  Starting  point  for  the  surface  grid  generation  is  the 

!  CAD  surface  model  (Fig,  2.1a).  The  first  step  is  to  define  the  cross  section  planes  for 

|  the  i-lines.  For  this  purpose  a  suited  point  d i „ C „ ibut i on  along,  say,  the  x-axis  is 
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created  and  planes  normal  to  the  x-axis  are  constructed  at  these  points.  These  planes  are 
intersected  with  the  surface  geometry  to  create  the  i-lines  of  the  surface  grid  (Fig. 
2.1b).  Since  the  surface  usually  is  represented  in  the  CAD  system  by  various  overlapping 
elements,  the  i-curves  are  obtained  as  overlapping  elements,  too,  which  have  to  be 
trimmed  and  concatenated  to  get  a  single,  unique  curve.  The  generation  is  finished  with 
the  creation  of  suited  point  distributions  along  the  i-lines  (Fig.  2.1c). 

The  described  process,  of  course,  is  just  an  example.  The  inherent  flexibility  of  CAD 
systems  allows  a  generation  very  closely  adapted  to  the  various  problems.  Furthermore  the 
application  of  CAD  is  not  limited  to  surface  grid  generation.  Also  two-dimensional  space 
grids  can  be  build  up  very  easy.  The  probably  more  interesting  further  application,  how¬ 
ever,  is  the  construction  of  outer  boundary  conditions  for  the  two-  and  three-dimensional 
elliptic  grid  generation  procedures  described  in  the  following  chapters. 

Once  the  surface  grid  is  generated  its  quality  should  be  assessed  by  analysing  the  metric 
properties  (1],  which  are  requiried  to  be  sufficiently  smooth.  Figure  2. Id  shows  as  an 
example  the  distribution  of  the  metric  tensor  component  an ,  a  further  analysis  can  be 
found  in  ( 2  ]  . 


3.  BASIC  GRID  GENERATION  SYSTEMS 

The  grid  generation  systems  used  for  the  cases  described  in  this  paper  ate  all  based  on 
elliptic  systems,  namely  on  some  formulation  of  Poisson's  equation.  The  reasons  for  this 
are  the  well  known  advantages  of  elliptic  partial  differential  systems  (discussed  for 
example  in  (3]),  in  particular  the  extremum  principles  to  guarantee  a  non-overlapping 
grid,  the  smoothness  of  the  resulting  grid  and  the  possibility  to  specify  the  points  on 
the  entire  boundary. 


3.1  ORIGINAL  POISSON  SYSTEM 

The  most  commonly  used  form  of  a  general  Poisson-type  grid  generation  system  is 
♦  tyy  ♦  *E1  =  P, 

+  V,-  +  =  Q,  (3.1) 

*  +  +  *  =  R . 

Grid  control  is  exercised  via  the  so  called  "control  functions"  P,  Q,  R.  For  the  examples 

shown  in  this  paper,  these  functions  where  used  to  attract  grid  lines  towards  other 
specified  lines  or  points  like  described  in  [4).  The  range  and  intensity  of  this  attrac¬ 
tion  may  be  chosen.  The  attraction  in  ^-direction  is  controlled  by  the  P  function  which 
takes  the  following  form  in  2D: 

attraction  towards  a  line  const.: 

P  =  Aa  sign(  £.  -O  exp|-  — — - j,  (3.2) 

attraction  towards  a  point  (C^,h^): 


where  the  subscript  i  denotes  a  particular  line  £=const..  A,  is  the  intensity  of  the 
attraction  and  B,  is  a  decay  factor  wh)<~h  limits  the  range  of  the  attraction  effect. 

The  Q  function  works  in  a  similar  form  for  the  attraction  in  h-direction  with  £  and  h 
interchanged.  Eq .  (3.1)  has  to  be  transformed  in  the  computational  domain  and  the 
resulting  quasi-linear  equation  is  solved  by  a  Gauss-Seidel  iteration  scheme.  An  appli¬ 
cation  of  this  type  of  grid  generation  system  is  shown  in  chapter  6  for  the  HERMES 
reentry  vehicle. 


3.2  BIHARMONIC  SYSTEM 

This  grid  generation  method  is  also  based  on  Poisson's  equation,  but  this  time  the 
formulation  in  computational  space  as  explained  in  (5)  is  used: 

xrt  +  xnn  +  xu  -  p<  f.<h,t), 

ytt  +  y„„  +  y<t  ■  Q(t.n.c),  u.o 

zn  +  znn  +  ztc  "  RU.h.C). 

Therefore  no  transformation  between  physical  and  computational  space  is  necessary . The 
values  of  the  control  functions  P,  Q,  R  are  determined  by  the  solution  of  Laplace's 
equation  to  assure  a  smooth  distribution  of  the  source  terms  over  the  whole  computational 
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domain : 


pcr 

+  pnr, 

+ 

pcc 

=  0, 

Qtt 

+  Qn  n 

+ 

Qti 

*  0, 

(3.5) 

Rrr 

+ 

+ 

Ru 

=  0. 

Together , 

these 

two  sets 

of 

equations  form  the  biharmonic  equation  V4x* 

=  0.  Due  to  the 

stability  problems  of  central  difference  approximations  of  higher-order  derivatives, 
this  fourth-order  equation  is  implemented  as  a  system  of  the  two  second-order  equations 
(3.4)  and  (3.5).  The  discretization  of  the  derivatives  by  centered  differences  leads  to 
linear  algebraic  equations  in  physical  space  which  can  be  rearranged  easily  to  yield  the 
final  equations  for  the  grid  point  coordinates.  For  the  numerical  solution  of  these 
equations  a  simple  Gauss-Seidel  iteration  scheme  is  used. 

The  boundary  conditions  for  the  coordinates  may  be  of  Neumann  or  Dirichlet  type.  The 
boundary  conditions  for  the  control  functions  P,  Q,  R  are  calculated  using  the  current 
coordinates  of  the  points  near  the  boundaries  according  to  Eq .  (3.4).  As  the  location  of 
these  points  changes  during  the  iteration  procedure,  the  values  of  the  control  functions 
at  the  boundaries  do  not  remain  constant  but  are  updated  continuously. 

There  are  different  ways  to  calculate  the  boundary  values  of  the  control  functions,  de¬ 
pending  on  the  type  of  boundary.  To  obtain  a  concentration  of  qrid  lines  towards  inner 
boundaries  (i.e.  surface  of  the  configuration),  one  or  several  grid  lines  away  from  the 
surface  must  be  generated  by  some  algebraic  grid  generation  technique.  At  the  last  grid 
surface  determined  in  this  manner  the  boundary  values  of  the  control  functions  are  deter¬ 
mined  using  the  coordinates  of  the  surrounding  points  as  indicated  in  Figure  3.1a.  At  the 
outer  boundaries  where  freestream  flow  conditions  are  imposed,  the  values  of  the  control 
functions  are  put  to  zero  forcing  a  Laplace  type  grid  in  this  region  (Fig.  3.1b).  In  a 
multi-block  approach,  the  boundary  becween  two  blocks  is  treated  with  a  similar  technique 
as  the  inner  boundaries.  The  control  functions  at  the  block  boundary  are  determined  from 
the  coordinates  of  the  surrounding  points  in  both  blocks  as  show  in  Figure  3.1c. 

The  next  two  chapters  will  show  some  applications  of  this  grid  generation  system,  both 
for  single-blo-k  grids  and  for  patched  grids  using  a  multi-block  approach. 


4.  SINGLE-BLOCK  GRID  GENERATION  FOR  COMPLEX  GEOMETRIES 
4.1  GENERAL  DESCRIPTION 

The  application  of  the  biharmonic  grid  generation  system  will  be  demonstrated  first  for 
single  block  grids,  as  this  is  the  basic  grid  generation  approach.  To  resolve  complex 
geometries  properly,  a  very  flexible  H-type  topology  with  several  interior  branch  cuts 
is  used.  This  leads  to  a  number  of  singular  lines  and  points  on  the  surface  called 
fictitious  corners.  So  in  this  concept  not  the  flowfield  but  the  configuration  has  to  be 
divided  into  blocks  as  it  is  shown  in  Figure  4.2b  for  the  surface  grid  of  a  fighter  air¬ 
craft.  The  whole  computational  domain  is  a  single  block  and  the  volumes  lying  inside  the 
configuration  have  to  be  excluded  from  the  calculation. 

The  grid  generator  accepts  any  number  and  arrangement  of  configuration  blocks.  As  input 
the  program  needs  the  surfaces  of  these  blocks.  So  the  first  step  is  the  division  of  the 
whole  surface  into  sub-surfaces  which  are  limited  by  fictitious  corner  lines.  Then  a 
suitable  point  distribution  on  these  surfaces  is  generated  as  described  in  Chapter  2.  The 
points  on  these  surfaces  must  already  have  the  correct  global  coordinates  (£.,h,C)  and 
special  care  has  to  be  taken  ac  the  interfaces  between  two  surfaces  to  assure  continuity 
of  grid  lines.  Starting  with  this  input  the  grid  generator  recognizes  the  dummy  volumes 
inside  the  configuration  and  marks  them  with  a  logical  flag. 

As  explained  in  Chapter  3.2,  the  first  coordinate  surface  off  the  boundary  has  to  be 
calculated  by  some  algebraic  method  to  achieve  an  attraction  of  grid  lines  towards  that 
boundary.  In  this  case  this  attraction  is  done  in  quasi-radial  direction  by  specifying  a 
constant  aspect  ratio  (a/b)  like  shown  in  Figure  4.1.  For  t=constant  boundary  surfaces 
this  attraction  is  done  along  {.-coordinate  lines  and  in  an  analogous  form  for  the  other 
coordinate  directions.  In  principle  it  is  possible  to  specifiy  different  aspect  ratios 
for  different  surfaces  or  to  specify  the  distance  of  the  first  coordinate  surface  from 
the  body  instead  of  the  aspect  ratio. 

In  the  plane  of  symmetry,  the  grid  may  be  generated  with  a  2D  version  of  the  grid  ge¬ 
neration  algorithm  or  by  using  symmetry  boundary  conditions  for  Eqs.  (3.4)  and  (3.5).  In 
the  normal  case  the  fatfield  boundaries  form  a  rectangular  box  and  a  perpendicular  inter¬ 
section  of  grid  lines  is  imposed.  It  is  also  possible  to  rotate  any  of  its  faces  so  that 
a  truncated  pyramid  is  formed  (Fig.  4.5b). 

The  advantage  of  this  single-block  grid  generation  method  is  that  once  you  have  a  sui¬ 
table  surface  grid  with  properly  defined  block  boundaries,  it  is  very  simple  to  generate 
the  grid  for  the  flowfield  because  only  few  parameters  are  necessary,  namely  the  number 
of  grid  lines  and  the  attraction  pa rame te r ( s ) .  The  disadvantage  is  that  you  have  only 
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limited  grid  control  possibilities.  Therefore  the  resulting  grids  are  in  general  useful 
only  for  Euler  calculations.  The  Euler  method  and  some  applications  are  described  in 
16, 71. 

4.2  APPLICATIONS 

The  grid  for  an  advanced  fighter  aircraft  demonstrates  that  it  is  possible  to  generate 
grids  for  very  complex  geometries  with  this  single-block  approach.  The  main  features  of 
this  configuration  (see  Fig.  4.2a)  are  a  fuselage  with  belly  intake,  a  cranked  delta 
wing,  canard  and  two  fins.  Figure  4.2b  shows  the  surface  grid  in  computational  space  and 
illustrates  the  complicated  block  structure  that  is  necessary  to  resolve  this  configura¬ 
tion  properly.  For  the  generation  of  the  volume  grid  (Fig.  4.3)  only  one  attraction  para¬ 
meter  was  used  for  the  whole  mesh.  Details  of  the  grid  generation  procedure  are  described 
in  (8).  The  results  of  the  Euler  calculations  done  on  this  mesh  are  reported  in  (9). 

Another  example  is  the  grid  for  a  wing  tunnel  model  which  was  used  for  wave  drag  investi¬ 
gations.  The  model  has  a  fuselage  with  a  delta  wing  and  plyons  with  external  stores  may 
be  added.  Figure  1.4  is  t<^kcr.  F-om  [10!  and  shows  the  surface  grid  and  Figure  4.9  shows 
some  views  of  the  volume  grid.  As  the  calculations  had  to  be  done  only  for  supersonic 
test  cases,  the  outer  boundaries  were  adjusted  to  the  presumed  location  of  the  bow  shock 
(Fig.  4.5b)  in  order  to  minimize  the  total  number  of  grid  points. 


5.  PATCHED  GRIDS  FOR  ZONAL  NAVIER-STOKES  APPLICATIONS 

5.1  ZONAL  SOLUTION  METHOD 

Together  with  the  development  of  large  vector  computers  it  is  possible  now  to  compute  the 
viscous  flow  about  realistic  configurations.  At  MBB  the  Navier-Stokes  solver  NSFLEX  was 
developed  and  applied  successfully  for  a  wide  range  of  Mach  numbers  [11,12] .  However, 
systematic  application  of  Navier-Stokes  methods  in  aerodynamic  design  is  limited  up  to 
now  by  high  computer  costs.  To  accelerate  the  Navier-Stokes  method  the  so-called  CCPNS 
(close  coupling  procedure  for  the  Navier-Stokes  equations)  method  was  designed,  see  for 
example  [13,14]. 

The  principle  is  to  cover  the  flowfield  with  a  uniform  Navier-Stokes  grid,  in  regions  of 
weak  viscous-inviscid  interaction  the  fine  grid  in  the  vicinity  of  the  wall  is  discarted 
to  get  an  Euler  grid  there,  which  is  a  subset  of  the  governing  Navier-Stokes  grid.  In 
these  weak  interaction  regions  an  equivalent  inviscid  flow  is  calculated,  i.e.  a  combi¬ 
nation  of  an  Euler  and  a  boundary-layer  solution.  The  boundary-layer  calculation  in  these 
regions  delivers  the  equivalent  inviscid  source  distribution  for  the  inviscid  solution  as 

well  as  the  flow  profiles  for  the  coupling  of  the  equivalent  inviscid  region  and  the  re¬ 
gions  of  strong  viscous  interaction  where  the  Navier-Stokes  equations  are  solved.  Strong 
viscous  interaction  occurs  where  shocks  or  separation  are  located.  There  the  boundary- 
layer  equations  are  no  longer  valid.  In  Figure  5.1  the  different  zones  can  be  seen  for 
the  wing  flow  application  presented  here. 

To  study  the  effect  of  using  patched  grids,  the  method  was  coded  and  extensively  tested 
for  Euler  flows  [13).  There  it  could  be  shown  that  the  zonal  Euler  solution  and  the 
global  Euler  one  give  the  same  results  even  for  very  different  cell  sizes  at  the  arti¬ 
ficial  boundaries  if  third  order  accurate  fluxes  are  calculated  at  these  boundaries,  too, 
as  in  the  complete  flow  field  [13]. 

The  present  zonal  method  was  applied  to  several  two  and  three-dimensional  flow  problems. 
In  comparison  with  a  full  Navier-Stokes  solution,  the  CCPNS  method  requires  about  half 
the  computer  time  and  yields  similar  results.  Note  that  the  code  is  highly  vectorized. 
The  MBB  boundary-layer  code  SOBOL  ([1,15]),  which  solves  the  second-order  boundary-layer 
equations  is  incorporated  in  the  method  as  a  subroutine.  The  CCPNS  code  is  designed  to 
find  the  different  zones  of  flow  modelling  automatically  and  to  rezone  them  if  this  is 
indicated  by  the  boundary-layer  method.  To  get  a  good  vector  performance  the  different 
zones  are  chained  to  one-dimensional  arrays  plane  by  plane. 

Due  to  the  flow  and  the  grid  topology  the  flowfield  is  divided  in  four  different  zones 
(Fig.  5.2).  in  blocks  1,3  and  4  the  Navier-Stokes  equations  are  employed  and  also  a 
Navier-Stokes  grid  is  used.  In  block  2  the  Euler  together  with  the  boundary-layer  equa¬ 
tions  are  solved.  An  equivalent  inviscid  flow  is  calculated  there  on  a  much  coarser  grid. 
At  the  artifical  boundaries  coupling  approaches  are  necessary  at  every  time  step.  The 
boundary-layer  solution  is  recalculated  after  some  time  steps. 

The  surface  grid  together  with  the  outer  grid  shell  of  the  Navier-Stokes  mesh  is  shown  in 
Figure  5.3. 

5.2  GRID  GENERATION  FOR  A  WING  FLOW  SIHUALTION 

From  a  given  surface  distribution  a  C-O-type  grid  is  generated  using  local  monoclinic  co¬ 
ordinates  at  the  wall  whereever  possible,  since  the  boundary-layer  theory  is  restricted 
to  such  coordinates.  Note  that  the  boundary-layer  method  works  on  the  same  surface  grid 
as  the  Euler-Navie r-stokes  method  does  and  that  for  a  second-order  boundary- layer  solu¬ 
tion  an  inviscid  flow  distribution  is  required.  With  this  surface  normal  grid  an  alge¬ 
braic  turbulence  model,  like  the  one  of  Baldwin  and  Lomax,  is  easily  and  accurately  to 
apply.  Exponential  stretching  is  used  in  these  algebraic  subblocks,  that  means  where  vis¬ 
cous  effects  are  predominant.  The  height  of  the  first  cell  is  designed  such  that  the 
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dimensionless  wall  coordinate  y*  will  reach  about  2  to  4  in  the  flow  solution  to  resolve 
the  viscous  sublayer  of  the  overall  turbulent  flow  with  at  least  one  cell.  After  a  NSFLEX 
solution  y*  is  checked  for  accuracy  reasons. 

The  inviscid  flow  grid  is  found  as  a  subset  of  the  viscous  one  by  simply  omitting  some 
cells.  In  Figure  5.4  a  detail  of  a  h=const.  plane  shows  the  Euler  grid  in  comparison  with 
the  Navier-Stokes  grid,  which  differs  just  near  the  body.  Since  the  grid  is  perpendicular 
to  the  wall  and  since  the  Euler  mesh  is  a  subset  of  the  Navier-Stokes  mesh  only  little 
interpolation  work  is  necessary  for  the  CCPNS  process. 

The  elliptic  grid  generation  procedure  described  in  Chap.  3.2  follows  algebraic  mesh 
generation  to  cover  easily  the  outer  region  with  mesh  points.  Utilized  is  the  biharmonic 
system,  Eqs .  (3. 4), (3. 5).  Dirichlet  boundary  conditions  are  employed  at  all  boundaries  of 
the  computational  domain.  This  way  the  grid  points  are  attracted  towards  the  algebraic 
mesh.  To  vectorize  the  grid  generation  method  red-black  Gauss-Seidel  iteration  is  used 
like  in  the  Navier-Stokes  method. 

The  surface  grid  fc'  =>  generic  fr;nsp''rt  aircraft  wing  is  shown  in  figure  5.3.  io  get  an 
exponentially  stretched  point  distribution  in  the  farfield  the  whole  grid  is  redistri¬ 
buted  along  £),h=const  lines,  the  lines  starting  from  the  surface,  using  the  curves  of  the 
algebraic  and  the  elliptic  subblocks  as  interpolation  paths.  The  main  features  of  the 
C-O-type  mesh  used  can  be  seen  in  Figure  5.5,  where  the  symmetry  plane,  the  outer 
boundary  and  the  plane  where  the  upper  grid  joins  the  lower  one  is  plotted. 

The  computational  domain  is  devided  up  into  four  different  blocks  (Fig.  5.2).  Block  2  is 
the  equivalent  inviscid  one,  the  Navier-Stokes  equations  are  solved  only  on  blocks  1,3 
and  4.  Since  the  zonal  boundaries  are  not  known  a  priori  it  is  necessary  to  allow  them  to 
float  during  the  convergence  process.  This  rezoning  capacity  is  achieved  by  chaining 
planewise  the  solution  vector,  the  geometry  and  what  else  is  needed  in  the  different 
subroutines  in  one-dimensional  arrays.  Then  the  answer  is  calculated  again  on  one-di¬ 
mensional  array  and  restored  in  the  original  three-dimensional  arrays.  Thereby  only  one¬ 
dimensional  arrays  have  to  be  added  to  the  code  in  comparison  to  the  mono-block  NSFLEX 
code.  For  details  see  (16). 

To  demonstrate  that  both  the  patched  grids  and  the  zonal  solution  procedure  give  reason 
able  results  here  one  application  out  of  (16)  is  reported.  The  freestream  condition  is: 
M„=0.78  and  <x=2 . 2  degrees,  Re=7 , 000 , 000 .  The  governing  Navier-Stokes  grid  consists  of 
156,000  grid  points  which  is  a  rather  crude  grid.  In  chordwise  direction  100  cells  are 
used,  in  spanwise  direction  40  cells  and  normal  to  the  wing  39  cells.  For  the  inviscid 
part  of  the  grid  10  cells  from  the  Navier-Stokes  grid  ace  omitted,  see  Figure  5.4.  This 
means  that  the  Euler  grid  consists  of  116,000  cells  in  total.  The  resolution  at  the  wall 
is  rather  fine  for  inviscid  calculations.  The  height  of  the  first  Euler  cell  is  designed 
to  be  0.02  percent  of  the  mean  chord  length.  The  boundary  layer  is  calculated  in  the 
region  of  the  equivalent  inviscid  flow  (block  2  in  Fig.  5.2)  with  50  points  normal  to  the 
wall.  A  much  higher  resolution  ,s  achieved  in  comparison  with  a  Navier-Stokes  solution 
especially  in  regions  where  the  boundary  layer  is  thin  since  the  boundary-layer  mesh  is 
adapted  to  the  bounda ry- laye r  thickness. 

In  Figure  5.6  the  isobars  on  the  lower  and  on  the  upper  side  of  the  wing  demonstrate 
perfect  smoothness  across  the  zonal  boundaries.  The  same  behaviour  can  be  found  in  the 
skin  friction  and  the  pressure  distribution  at  all  spanwise  stations  [16).  Compared  to  a 
global  Navier-Stokes  solution  the  results  are  nearly  the  same  whilst  the  computer  time  is 
reduced  and  the  accuracy  in  the  zone  of  the  boundary  layer  is  enforced. 

With  the  zonal  method  described  above  all  tools  are  available  and  verified  also  for  the 
use  of  embedded  meshes  both  for  Euler  and/or  for  Navier-Stokes  applications.  In  the 
future  this  will  be  done  to  resolve  special  features  of  hypersonic  flow  fields  around 
complex  configurations  in  more  detail. 


6.  PATCHED  GRID  FOR  THE  HERMES  REENTRY  VEHICLE 

A  computational  grid  has  to  be  generated  for  the  HERMES  reentry  body,  which  is  suitable 
for  the  calculation  of  the  flow  field  using  a  shock-f i tt ing-EULER-code  (finite  differen¬ 
ces),  that  means  good  continuity  for  the  metric  derivatives  and  simple  and  fast  adapta¬ 
tion  to  the  location  of  the  bow  shock  is  needed,  because  the  grid  has  to  be  adapted  after 
every  tiraestep  (17,18).  An  essential  point  for  this  is  a  fixed  surface  grid  on  the  body. 
For  a  good  resolution  of  the  body  in  a  flow  calculation  it  is  useful  to  attract  points  at 
regions  of  large  curvature,  and  coarsen  the  grid  spacing  in  areas  of  small  curvature, 
that  is  to  cluster  the  grid  points.  As  measure  for  the  clustering  the  local  radius  of 
curvature  is  used  (Fig.  6.1),  which  is  smoothed  (Fig.  6. 2, 6. 3),  because  clustering  should 
occur  in  the  whole  neighbourhood  of  maxima  of  curvature.  Also  a  constant  level  is  added, 
so  that  the  rest  of  the  curve  is  not  too  much  depleted  from  grid  points  (Fig.  6.4).  The 
coordinate  points  given  in  spanwise  cross-sections  of  the  body  contour  are  catched  with 
parametric  splines  for  interpolation.  The  grid  points  on  the  cross-sectional  curves  are 
then  chosen  such  that  they  divide  the  area  under  the  clustering  function  into  equal 
increments  (Fig.  6.5).  This  procedure  results  in  a  special  point  distribution  for  the 
given  ribsections.  Mow  the  coordinate  points  of  corresponding  intervals  are  connected  by 
splines,  resulting  in  grid  lines  along  the  body.  For  the  final  surface  grid  (Fig.  6.6) 
these  grid  lines  are  intersected  with  the  cones  of  the  special  coordinate  system  for  the 
shock- f i tt i ng-algo r i thm  ,  where  the  distribution  of  aperture  angles  u  are  given. 
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For  the  generation  of  the  space  grid  the  body  is  divided  into  two  areas  with  an  over¬ 
lapping  part,  to  make  interpolation  of  flow  variables  possible  for  the  calculation.  A 
one-block  grid  with  straight  lines  to  the  fitted  bow  shock  and  body  adjusted  angles  w  and 
*  (Fig.  6.7)  is  used  for  the  front  part.  The  distribution  of  points  on  the  lines  is 
achieved  by  an  exponential  function,  to  enable  condensed  grid  lines  at  the  body 
(Fig.  6.8). 

Such  a  simple  structure  of  the  net  is  not  possible  for  the  rear  part  (winglet  section). 
The  region  between  body  and  fitted  bow  shock  is  divided  into  two  areas  (Fig.  6.9).  With 
the  angle  5=70“  of  the  tangent  a  footline  on  the  wingtip  is  defined  (Fig.  6.10),  also  a 
straight  line  in  the  x-z-plane  of  symmetry  with  the  angle  e-450  is  chosen  (Fig.  6.11). 
The  boundary  curve  between  the  two  blocks  in  the  ribsections  are  chosen  as  half  ellipses, 
which  intersects  the  two  fixed  lines.  The  point  distribution  on  the  boundary  curves 
(Fig.  6.12)  are  then  done  with  the  weighting  function  based  on  the  local  radius  of 
curvature,  like  described  above. 

Since  block  2  has  a  rather  complicated  boundary  and  is  fixed  in  time,  in  this  block  the 
grid  is  generated  numerically  by  an  elliptic  solver  [3,4,19,20].  This  2-D  grid  generation 
code  [21]  distributes  grid  points  by  solving  Poisson's  equation  (Chapter  3.1)  using 
Gauss-Seidel  over  relaxation .  The  source  terms  in  the  Poisson  system  admit  clustering  of 
grid  points  along  specified  lines  or  points.  The  strength  and  range  of  source  terms  can 
also  be  varied  by  the  user  (Eq.  3.2  and  3.3).  The  grid  points  on  all  boundary  lines  of 
the  domain  have  to  be  specified  and  are  (except  on  symmetry  boundaries)  not  moved  by  the 
solver.  An  attraction  line  has  been  placed  on  the  upper  wing  surface  cross-section  curve 
and  attraction  points  are  set  at  the  wing  root  and  at  the  junction  point  between  the  wing 
and  the  winglet.  The  strength  of  the  source  terms  are  adjusted  such  that  the  space  grid 
appears  compatible  with  the  given  boundary  point  distribution  in  the  first  grid  plane. 
The  source  terms  are  then  held  constant  in  the  grid  generation  process  of  all  other  grid 
planes  to  get  a  smooth  grid  in  the  z-direction.  Fig.  6.12  shows  the  computational  grids 
in  two  cross-sections .  It  is  nearly  body  orthogonal  and  smooth.  The  resolution  of  this 
type  of  grid  is  better  than  the  one  block  grid  especially  near  the  wing-body  junction. 

Due  to  the  time-dependent  bow  shock  boundary,  which  moves  during  the  relaxation  in  its 
stationary  location,  the  outer  grid  block  is  time-dependent,  in  contrast  to  the  inner 
block,  which  is  fixed.  An  algebraic  grid  generation  is  the  most  efficient  strategy  for  a 
time-dependent  grid  [22,23,24].  The  simple  geometrical  form  of  block  1  allows  to  choose 
straight  lines  from  the  inner  boundary  to  the  bow  shock,  in  the  same  manner  applied  to 
the  forebody.  The  points  along  these  straight  grid  lines  are  distributed  with  the  same 
exponential  stretching  function  used  for  the  front  region.  To  achieve  grid  lines  as 
smooth  as  possible  across  the  block  boundary,  the  angle  *  of  the  grid  lines  has  to  be 
matched  to  the  angle  distribution  of  the  fixed  grid  in  block  2.  First  a  raw  angle 

distribution  is  calculated.  At  the  block  boundary  the  angle  is  taken  over  as  linear 
extrapolation  of  the  grid  lines  in  block  2.  At  the  body  contour  of  the  lower  wing  surface 
the  angle  ♦  is  calculated  from  the  body  normal  projected  onto  the  grid  plane  (Fig.  6.14). 
This  distribution  is  smoothed  by  an  IMSL  spline,  so  that  monotonous  increasing  is 
achieved  (Fig.  6.15).  At  last  Fig.  6.16  shows  a  whole  two-block  grid  plane  in  a 
cross-section . 

The  flow  field  computation  runs  in  two  parts,  first  the  forebody  with  the  one-block 
structure  is  calculated.  Then  the  flow  variables  in  the  overlapping  section  are  inter¬ 
polated  from  the  one-block  grid  into  the  two-block  grid  and  taken  as  boundary  condition 
for  the  winglet  region  (Fig.  6.17).  After  convergence  is  reached  the  two  datasets  are 
connected  for  analysis.  Fig.  6.18  shows  the  lines  of  constant  Mach  number  on  the  surface 
of  the  body.  In  spite  of  the  patched  grid  the  solution  shows  good  continuity  at  the 
transition  between  the  different  grids,  where  a  better  resolution  in  the  section  with 
two-block  structure  is  achieved. 


7.  CONCLUSIONS 

Although  the  described  single-block  grid  generation  system  is  acceptable  for  a  wide  range 
of  Euler  applications,  its  strong  smoothing  tendencies  and  limited  grid  control  possibi¬ 
lities  make  it  unsuitable  for  the  generation  of  Navier-Stokes  type  grids.  This  disadvan¬ 
tage  could  be  overcome  by  the  introduction  of  an  algebraic  sub-grid  which  provides  a 
resolution  which  is  sufficently  fine  for  calculations  with  viscous  methods. 

An  important  fact  is,  that  the  flow  solvers  have  no  problems  in  handling  the  boundaries 
between  two  different  grids.  The  computed  results  show  no  jumps  in  the  flow  quantities 
across  the  boundaries.  Although  the  patched  grid  methods  shown  here  have  been  applied 
only  to  specific  configurations,  the  experiences  are  encouraging.  The  use  of  patched 
grids  is  an  interesting  and  relatively  simple  way  to  introduce  local  mesh  refinement  and 
adaption.  This  is  especially  true  for  viscous  flow  calculations. 

Future  work  will  include  the  improvement  of  the  single-block  system  so  that  it  is 
possible  to  have  more  influence  on  the  grid.  This  includes  a  posterior  grid  optimization 
and  also  some  interactive  grid  generation  strategies.  An  extension  of  the  basic  method  to 
multi-block  grids  is  also  planned.  The  patched  grid  technique  will  be  applied  to  other 
configurations  to  develop  a  more  general  approach,  in  addition  the  grid  for  the  HERMES 
configuration  will  be  adapted  to  the  requirements  of  Navier-Stokes  calculations . 
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Fig.  2.1  Surface  grid  generation  for  a  hypersonic  forebody  configuration 
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Fig.  3.1  Boundary  conditions  for  control  functions 
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Fig.  4.1  Attraction  of  grid  points  towards  the  body  surface 


Fig.  4.2  Advanced  fighter  aircraft,  surface  grid 


Fig.  4.3  Advanced  fighter  aircraft,  upper  surface  grid 


Fig.  4.4  Wing-fuselage-pylon-store  -  combination,  surface  grid 


Fig.  4.5  Wing-fuselage-pylon-store  -  combination,  details  of  volume  grid 
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Summary 

The  ability  to  calculate  the  flow  around  complex  aircraft  geometries  is  fundamentally 
controlled  by  the  ability  to  generate  grids  of  suitable  structure  and  quality  around  the 
configurations  of  interest.  This  paper  discusses  the  approach  to  Multiblock  topology 
specification  and  grid  generation  pursued  within  British  Aerospace,  targeted  to  make 
Multiblock  flow  prediction  methods  available  for  use  at  all  stages  of  the  aerodynamic  design 
process.  The  grids  and  computed  flow  solutions  for  a  number  of  complex  geometries  are 
shown,  and  the  capability  for  rapid  systematic  analysis  of  similar  configuration  geometries  is 
illustrated. 


1 .  Introduction 

The  aerodynamic  optimisation  ot  an  aircraft  design  requires  the  use  of  a  multitude  of  computational  and  experimental 
techniques.  The  design  of  civil  aircraft  in  particular  places  stringent  demands  on  the  accuracy  and  generality  of  these 
techniques,  as  fractional  improvements  in  aerodynamic  performance  translate  into  significant  fuel  or  payload  operating 
benefits.  The  most  fuel  efficient  powerplants  for  these  aircraft  are  getting  ever  larger  with  ultra-high  bypass  or  unducted 
fans  offering  significant  performance  benefits  over  conventional  turbofans.  These  engines  interact  strongly  with  the 
aerodynamics  of  the  wing,  and  as  a  result,  it  is  no  longer  possible  to  consider  the  optimisation  of  an  aircraft  configuration 
design  without  conducting  complete  configuration  flow  simulations. 

These  requirements  on  accuracy  of  flow  simulation  and  generality  of  application  have  governed  our  approach  to 
computational  flow  modelling  for  aircraft  configurations.  Encouraged  by  the  pioneering  work  of  the  Aircraft  Research 
Association  (ref.  1)  in  Multiblock  grid  generation,  and  work  within  British  Aerospace  (ref.  2)  developing  an  efficient  finite 
volume  Euler  Multiblock  flow  solver,  an  opportunity  was  seen  to  develop  computational  techniques  for  the  systematic 
analysis  of  complete  aircraft  configurations  :  a  method  that  would  allow  the  optimisation  of  a  wing  design  fully  accounting 
for  engine  installation  interference  effects  Furthermore,  the  same  general  purpose  Multiblock  codes  could  be  used  to 
analyse  a  wide  range  of  aircraft  configurations 

The  particular  approach  to  Multiblock  that  we  have  pursued,  considers  multiple  blocks  of  curvilinear  grid  joined  face-to 
-face  without  overlap  or  holes  to  cover  the  entire  flow  domain.  In  this  way,  blocks  of  grid  can  be  joined  to  form  the  optimum 
grid  structure  for  modelling  the  flow  around  component  geometries  :  C-grids  for  wings.  0-grids  for  bodies,  etc.  (fig.  1). 


Multiple  blocks  of  curvilinear  grid  joined  to  form  the 
optimum  grid  structures  for  component  geometries  : 


Figure  1  :  The  Multiblock  Concept 
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No  restriction  is  placed  on  the  orientation  of  a  block  face  relative  to  its  neighbouring  face,  as  long  as  grid  points  correspond 
one-to-one  across  the  interface.  At  the  boundary  to  the  flow  domain  a  single  boundary  condition  type  is  imposed  over  the 
block  face,  according  to  whether  the  face  adjoins  a  solid  surface,  inflow  or  outflow  boundary. 

It  should  be  noted  that  compared  with  alternative  multiple  block  techniques,  for  example  those  that  allow  mixed  boundary 
conditions  over  a  block  face,  the  current  method  makes  use  of  a  larger  number  of  smaller  blocks.  The  logical  connection 
between  these  blocks  is  however  very  simple,  and  this  has  allowed  formulation  and  implementation  of  grid  generation 
algorithms  that  iteratively  relax  inter-block  boundary  grid  points  as  the  overall  grid  itself  is  generated.  This  ensures 
smoothness  of  the  grid  across  the  block  boundaries,  but  more  importantly  from  a  practical  viewpoint,  it  absolves  the  user 
from  having  to  specify  the  shape  of  the  boundaries.  The  large  number  of  small  blocks  also  provides  an  opportunity  to 
exploit  parallel  processing  efficiently  in  the  various  Muttiblock  solution  algorithms 


2.  Strategy  for  Multiblock  grid  generation 

'  While  simple  in  principle,  considerable  practical  difficulties  are  encountered  when  the  Multiblock  grid  for  a  complete  aircraft 

configuration  is  to  be  considered.  Conceptual  problems  arise  where  the  grid  structures  from  various  component  geometries 
must  be  integrated,  and  practical  problems  arise  in  handling  the  "topology"  data  for  the  configuration  (the  specification  of 
r  how  each  block  adjoins  its  neighbours).  Further  problems  arise  in  specifying  detailed  control  of  the  grids,  and  these 

‘  problems  are  compounded  when  the  requirement  for  systematic  analysis  of  similar  geometries  is  considered. 

At  first  sight,  our  approach  to  Multiblock  grid  generation  might  seem  heretical,  in  that  we  attempt  to  specify  and  describe 
our  grid  as  fully  as  possible  without  actually  generating  it  I  However,  it  is  this  development  of  a  "geometry  independent  grid 
1  description"  that  provides  the  key  to  use  of  Multiblock  for  general  aerodynamic  design  -  allowing  systematic  generation  of 

grids  for  any  number  of  similar  configuration  geometries,  consistently,  quickly  and  without  further  user  interaction. 

,  The  process  of  developing  the  Multiblock  grid  description  for  a  new  configuration  type,  starts  with  a  formal  definition  of  the 

configuration  in  terms  of  how  the  various  component  geometries  intersect  and  fit  together.  A  number  of  issues  must  then  be 
'  addressed  :- 

I  •  definition  of  the  topology  of  a  multiple-block  grid  structure,  with  optimum  grid  structure  for 

modelling  the  flow  over  component  geometries. 

•  definition  of  grid  density  and  grid  point  clustering  for  the  configuration  surfaces,  and  over 

'  key  grid  control  surfaces  slicing  through  the  flow  domain. 

I 

•  generation  of  surface  grids  for  any  specific  configuration  geometry,  and  generation  of 
the  associated  field  grid. 

The  following  sections  discuss  our  approach  to  these  modelling  issues. 


3.  Topology  Definition 

The  ability  to  define  a  consistent  multiple-block  topology  fundamentally  controls  whether  Multiblock  methods  can  be  applied 
to  a  particular  configuration.  While  endeavouring  to  develop  techniques  to  facilitate  the  process  of  topology  definition,  it  is 
therefore  essential  to  maintain  complete  generality,  so  as  not  to  preclude  the  modelling  of  new  types  of  configuration. 

It  was  reasoned  that  the  initial  sketching  of  a  block  structure  on  paper  could  be  formalized  in  the  graphic  construction  of  a 
3-d  wire-frame  schematic  of  the  block  structure.  This  would  allow  any  coherent  block  structure  to  be  specified,  and  the 
physically  representative  nature  of  the  schematic  would  allow  holes  or  overlap  in  the  block  structure  to  be  identified  at  an 
early  stage.  Analysis  routines  acting  on  the  schematic  could  then  automatically  generate  the  lists  of  topology  indexing  data 
required  to  formally  specify  the  block  structure  for  the  various  Multiblock  calculation  methods. 

3.1  Graphical  Method 

Initially,  a  direct  graphical  method  was  devised  to  enable  construction  of  a  multiple-block  wire-frame  schematic  by  means 
of  cursor  input  to  a  3-view  representation  of  the  topology  (fig.  2).  At  any  time,  the  cursor  can  be  used  to  establish  a  current 
x.  y  or  z  working  plane,  and  the  complete  ordinates  of  a  point  on  that  plane  are  then  specified  by  cursor  input  to  the  third 
orthogonal  view  window.  A  single  block  can  be  defined  by  tracing  out  the  position  of  Its  8  vertices,  or  compound  block 
building  utilities  can  be  invoked  to  perform  stacking,  splitting  or  mirroring  of  multiple-block  structures.  These  utilities  in 
particular  facilitate  the  generation  of  well  structured  topologies. 

Areas  of  locally  detailed  block  structure  can  then  be  introduced  into  the  topology  by  deleting  blocks  to  create  a  hole,  and 
mapping  in  an  independently  generated  detailed  sub-topology.  In  this  way  for  example,  the  block  structure  for  a  single 
turbofan  engine  installation  could  be  generated  once,  and  be  inserted  into  both  the  inboard  and  outboard  engine  locations 
In  a  wing-fuselage  topology. 
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Figure  2  :  Wire- frame  schematic  of  wing-fuselage  topology. 


3.2  Automatic  Method 


Through  the  experience  gained  in  graphical  block  decomposition  and  in  control  of  the  associated  grids,  it  has  been 
possible  to  devise  various  rules  and  strategies  for  block  decomposition.  These  rules  are  being  progressively  implemented  in 
an  automated  block  decomposition  method,  that  generates  a  wire-frame  schematic  to  represent  the  complete  field  grid 
topology,  given  just  a  simple  block  representation  of  the  configuration  to  be  modelled.  The  configuration  is  defined  in  terms 
of  a  collection  of  cuboidal  blocks,  positioned  in  space  to  represent  the  relative  position  of  the  various  geometric 
components  within  the  configuration.  The  grid  structure  local  to  each  component  is  considered  initially  as  a  "hyper-cube" 
structure  (fig.  3)  with  a  block  of  grid  sitting  on  each  face  of  the  component  to  form  a  complete  0-0  type  wrap-around  grid 
structure.  The  block  of  grid  on  any  face  can  then  be  collapsed,  so  for  example,  if  the  blocks  adjacent  to  the  xma*.  ymm  and 
ymax  faces  are  collapsed,  then  the  classic  C-H  grid  structure  for  wings  is  established.  In  this  way,  the  appropriate 
wrap  around  grid  structure  for  any  geometric  component  of  arbitrary  orientation  can  be  specified  :  wings,  pylons, 
fuselages,  stores,  smoothly  closed  wing-tips  etc. 


The  technique  has  been  further  generalized  to  model  internal  block  structures  for  inlets  and  through-flow  nacelles.  All  these 
component  grid  structures  then  fit  together  within  a  topologically  cartesian  block  matrix,  to  cover  the  entire  flow  field.  The 
3-d  wire-frame  topology  schematic  that  is  generated  can  of  course  be  edited  graphically  so  any  locally  complex  grid 
structure  beyond  the  current  scope  of  automation  can  be  built  into  the  topology  interactively. 

This  automated  block  decomposition  capability  is  illustrated  by  the  definition  of  the  complete  field  grid  topology  for  an 
executive  jet  configuration,  with  aft-fuselage  mounted  turbofan  engine  installation  (fig.  4).  In  this  case,  a  7-block 
representation  of  the  configuration  was  processed  to  give  a  1697-block  grid  structure  to  represent  the  external  flow  field 
including  through-flow  nacelle  representation  (see  figs.  13  &  14  for  grid  and  flow  solution). 


Figure  4  :  Automatic  block  decomposition  tor  executive  jet. 
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4.  Grid  point  control  along  boundaries 

The  definition  of  grid  point  density  and  clustering  in  a  Multibiock  grid,  is  achieved  through  the  definition  of  grid  point  spacing 
along  key  geometric  lines  on  the  configuration  surface  geometry  and  over  selected  grid  control  surfaces  slicing  through  the 
field  grid.  These  grid  control  lines  will  include  all  significant  geometric  features  (leading  and  trailing  edges,  intersection  lines, 
top  and  bottom  fuselage  centrelines)  allowing  control  of  grid  clustering  over  the  configuration  surfaces,  and  will  also  include 
grid  control  lines  hanging  between  the  configuration  and  the  outerboundary,  allowing  control  of  grid  point  spacing  in  the 
direction  normal  to  the  configuration  surfaces, 

It  should  be  noted  that  the  shape  of  such  grid  control  lines  can  be  extracted  from  the  geometric  database  for  the 
configuration,  and  it  is  only  the  form  of  the  distribution  of  grid  points  along  the  control  line  that  need  be  specified  in  the  grid 
description  for  the  configuration.  Again,  the  philosophy  of  specifying  these  distributions  in  a  form  independent  of  a  specific 
geometry  has  been  pursued,  so  that  the  grid  description  can  be  applied  to  any  number  of  geometries  of  the  configuration 
type  in  systematic  design  analysis  studies. 

It  is  useful  to  consider  an  example  to  illustrate  the  mechanisms  used  to  control  grid  point  alignment  and  clustering  along 
grid  control  lines.  Fig.  5  illustrates  Multibiock  surface  grids  for  the  plane  of  symmetry  and  fuselage  for  a  wing-fuselage 
configuration.  Grids  with  and  without  grid  point  control  are  shown. 


Figure  5  .  Fuselage  and  plane  of  symmetry  surface  grids,  before  and  after  control  of  boundary  point  spacing. 


We  can  describe  the  features  of  the  controlled  grid  compared  with  the  default  equi-spaced  grid,  in  terms  of  the  positional 
alignment  of  key  features,  and  the  clustering  or  spacing  of  intermediate  grid  points 

•  Align  grid  point  on  fuselage  top  centreline  with  the  wing  trailing  edge. 

•  Cluster  grid  points  on  wing-fuselage  intersection  line  to  leading  and  trailing  edges. 

•  Set.  cell  height  normal  to  wing  leading  edge  equal  to  grid  point  spacing  around  wing  leading  edge. 

•  Set  clustering  on  fuselage  top  centreline  to  match  clustering  at  trailing  edge  of  wing. 

•  Reduce  clustering  at  rear  of  fuselage. 

•  Align  grid  points  on  top  outerboundary  with  the  wing  trailing  edge,  and  rear  of  fuselage. 

•  Set  grid  point  spacing  on  outerboundary  to  match  that  along  fuselage  centreline. 

•  Cluster  grid  points  towards  fuselage 

...etc. 

These  forms  of  grid  control  are  essentially  similar  to  features  that  might  be  coded  up  in  the  standalone  grid  generator  for  a 
single-block  wing-fuselage  grid,  or  might  literally  be  the  actions  executed  by  an  engineer  generating  grids  at  a  CAD 
workstation  building  up  a  grid  interactively  around  a  specific  geometry. 

We  have  sought  to  retain  the  attractive  features  of  both  approaches,  by  devising  a  set  of  geometry  independent  standard 
format  grid  point  alignment  and  clustering  instructions,  These  instructions  or  labels  are  associated  with  the  grid  description 
or  topology  data.  A  custom  interactive  CAD  tool  has  been  developed  that  allows  the  setting  and  manipulation  of  these 
labels  by  graphical  picking  and  movement  of  grid  points.  This  is  closely  integrated  with  the  surface  grid  generation  modules 
allowing  the  development  of  the  grid  control  for  a  complete  configuration  in  a  single  interactive  session. 

When  satisfactory  grids  are  achieved,  the  full  grid  description  is  saved.  This  grid  description  describes  the  status  of  the  final 
grid  control  for  the  configuration  (rather  than  a  list  of  incremental  edit  instructions)  allowing  direct  generation  of  grids  for  any 
number  of  similar  configuration  geometries,  consistently,  quickly  and  without  further  user  interaction. 
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5.  Surface  grid  generation 

The  surface  grid  generator  comprises  firstly  an  interpreter  that  specifies  the  position  of  the  boundary  grid  points  according 
to  the  actual  geometry  and  the  grid  control  labels,  and  secondly  the  surface  grid  generation  modules  themselves.  Elliptic 
p.d.e.  grid  generation  techniques  rather  than  algebraic  or  interpolation  techniques  are  used  because  of  the  requirements  to 
cater  for  singular  points  and  to  relax  inter-block  boundaries  (ensuring  smoothness  of  grid  across  interfaces). 

A  variety  of  elliptic  solvers  have  been  implemented,  both  to  initialise  the  surface  grids  (ref.  3)  and  to  calculate  the  final  high 
quality  grids.  Hybrid  solution  procedures  can  be  defined  for  any  surface  in  the  topology  to  allow  solution  strategy  and  final 
grid  control  options  to  be  optimised  for  that  surface. 

5.1  Thompson  method 

The  primary  grid  generation  method  used  is  that  due  to  Thompson  (ref.  4)  working  in  terms  of  the  section/generator 
definition  of  the  geometric  surfaces,  or  an  x-y  type  parameterisation  of  outerboundary  and  control  surfaces 

a  (  Xu  +  4>  Xi )  -  p  Xxn  +  y  (  Xrn  +  <|r  )  =  0 

a  (  V£5  +  <t>  )  -  3  y'xi  +  y  (  y’n  +  i  Vn  )  =  0 

a  =  Xu .  Xi\  +  y\  .  y-t\ 

e  =  xn .  xi  +  yi .  ys 

y  =  Xi .  xc,  ♦  yx .  yi 

The  4>  and  \|i  grid  control  terms  along  boundaries  are  derived  using  the  Thomas  and  Middlecoff  formulation  (ref.  5)  to 
propagate  boundary  point  spacing  through  the  grid  (first  term)  and  with  an  additional  term  that  is  iteratively  updated  to  force 
orthogonality  of  the  grid  to  fixed  boundaries.  This  second  term  is  derived  from  that  reported  by  Thompson  (ref.  6)  to 
account  for  the  curvature  of  the  family  of  grid  lines  approaching  the  boundary,  but  calculating  the  curvature  term  using  the 
target  grid  line  slope  at  the  boundary  and  the  slope  evaluated  at  1/2  a  cell  out  from  the  wall.  This  technique  has  the  benefit 
of  using  just  one  point  in  the  field  and  has  proved  very  robust 

<t>  =  ( xn .  xi  ♦  Xu  .  yi )  i  y  *  2(Xi.  xv,*  +  yx .  y^a  i 

4r  =  ( •T'l’i  JCn  +  yin  Vi  )  /  y  -  2  (  Xn  ■  Xii,?  +  yi  y%u2  ) 

The  effect  of  this  orthogonality  term  is  illustrated  for  a  grid  control  surface  through  an  -integrated  wing-pylon- 
nacelle-propeller  installation  (fig.  6). 


Figure  6  .  Effect  of  grid  orthogonality  control 


The  formulation  of  the  grid  control  and  the  recommendations  for  interpolating  it  through  the  field  apply  to  a  single  block 
curvilinear  grid  structure.  While  analogous  interpolation  techniques  can  be  applied  in  a  multiple-block  environment,  special 
consideration  must  be  given  to  the  formulation  of  grid  control  along  grid  lines  approaching  singular  points,  where  the  local 
grid  structure  is  non-cartesian. 

In  the  same  way  that  the  grid  control  Is  updated  to  achieve  orthogonality  to  fixed  boundaries,  so  the  grid  control  along  lines 
approaching  singular  points  can  be  updated  to  control  the  angle  between  the  grid  lines  at  the  singular  point  Itself  (fig.  7).  If 
full  mutual  orthogonality  is  specified  for  the  singular  point  then  an  equal  angle  between  grid  lines  at  the  singular  point  will  be 
achieved. 


Figure  7  :  Update  of  grid  control  at  singularities 


5.2  Curved  surface  formulation 

The  use  of  a  Thompson  solver  working  simply  in  terms  of  the  section/generator  definition  of  a  curved  surface,  is  in  general 
quite  adequate  for  the  majority  of  geometric  components  in  an  aircraft  configuration.  However  because  it  does  not  work  in 
physical  space,  orthogonality  of  the  grid  to  fixed  boundaries  cannot  be  directly  controlled.  A  further  problem  can  arise  in  the 
case  of  highly  stretched  and  sheered  surface  definitions,  because  the  grid  inevitably  depends  to  a  degree  on  the  detail  of 
the  section/generator  definition. 

A  curved  surface  formulation  of  the  Thompson  solver  has  been  developed  within  the  B.Ae.  Multiblock  surface  grid 
generator  by  Forsey  and  Billing  of  the  Aircraft  Research  Association,  a  development  of  their  work  reported  in  ref.  7.  The 
bi-parametric  surface  patch  definition  of  component  geometries  is  interrogated  throughout  the  iterative  solution  strategy, 
and  the  surface  metrics  are  used  to  decouple  the  surface  grids  from  the  detail  of  surface  definition.  Expressions  analogous 
to  the  Thomas  and  Middlecoff  formulation  can  be  derived  for  grid  control  over  curved  surfaces,  and  a  similar  strategy  for 
updating  the  grid  control  can  be  applied  to  achieve  orthogonality  of  the  grid  to  boundaries  and  to  control  the  grid  near 
singular  points. 

The  effectiveness  of  this  formulation  is  illustrated  in  the  generation  of  surface  grids  for  the  fuselage  of  a  wing-fuselage 
configuration.  Orthogonality  of  the  grid  is  now  achieved  around  the  wing  intersection  line,  and  better  control  of  the  three 
point  singularity  is  achieved  on  the  forward  fuselage. 


Original  section/generator  formulation 


Figure  8  Comparison  of  surface  grid  generation  techniques  for  fuselage. 

6.  Systematic  analysis  of  similar  geometries 

Optimisation  of  the  aerodynamic  design  of  any  aircraft  configuration  requires  analysis  methods  that  can  be  applied 
systematically  in  the  study  of  a  range  of  geometries.  For  example,  in  the  engine  installation  studies  tor  civil  transport 
aircraft,  the  effect  of  varying  nacelle  incidence  and  position  relative  to  the  wing  must  be  assessed,  and  the  section  and 
camber  of  the  pylon  must  be  controlled  to  optimise  the  flow  on  the  undersurface  of  the  wing. 

The  geometries  to  be  analysed  in  these  parametric  studies  are  essentially  similar  in  form  and  proportion,  however  the 
detailed  profile  of  any  part  of  the  geometry  may  vary  between  cases.  In  Muttlblock  terms,  the  same  topology,  grid  structure 
and  grid  point  distribution  will  be  required  for  an  these  geometries  to  achieve  consistent  flow  field  simulations.  The  use  of  a 
geometry  independent  grid  description  as  described  earlier  ensures  this  similarity  of  grid  quality  between  cases,  and  thus 
provides  the  basis  for  systematic  analysis  of  any  number  of  geometries  of  the  configuration  type. 
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The  flow  chart  below  illustrates  the  processes  and  user  interactions  involved  in  using  Multiblock  for  the  systematic  analysis 
of  configuration  geometries.  With  the  topology  database  for  the  configuration  type  established,  there  is  only  minimal  user 
input  required  to  complete  the  flow  simulation 


Flow  chart  summarising  analysis  of  a  configuration  using  Multiblock. 


7.  Applications 

The  various  graphical  and  automated  techniques  for  topology  definition  and  surface  grid  generation  have  been  used  within 
B.Ae.  on  a  number  of  aircraft  projects  (fig.  9).  The  geometric  modelling  and  field  grid  generation  codes  developed  at 
A.R.A.  Bedford,  and  the  Multiblock  Euler  code  developed  at  B.Ae  Bristol  are  used  to  complete  the  Multiblock  flow  field 
analysis  for  the  configurations.  The  following  subsections  discuss  selected  applications  in  detail. 

7.1  Wide-body  civil  transport  aircraft 

A  number  of  Multiblock  topologies  have  been  established  in  support  of  B.Ae,  s  wide-body  civil  transport  design 
programmes.  Under-wing  turbofan  engine  installations  are  modelled  using  a  graphically  generated  368-block  300. 00C  cell 
topology  (fig.  10).  This  features  C-grid  structures  around  the  wing  and  pylon,  and  around  each  section  of  the  nacelle  to 
form  a  C-0  structure.  This  nacelle  O-grid  structure  adjoins  a  cartesian  block  of  grid  along  the  nacelle  axis  (fig.  1 1 )  and  the 
tubular  grid  structure  extends  upstream  and  downstream  of  the  nacelle. 

Alternative  topologies  have  been  generated  automatically,  that  consider  the  pylon  to  hang  straight  below  the  wing,  or  to 
protrude  forward  from  the  wing  leading  edge.  This  later  topology  that  is  more  representative  of  typical  configuration 
geometries,  avoids  the  highly  sheered  grid  structure  against  the  pylon  side  (fig.  12). 

The  flow  solution  for  all  these  topologies  compares  favourably  with  wind  tunnel  results.  The  different  pylon  grid  structures 
show  differencies  in  detailed  predictions  in  the  vicinity  of  the  pylon,  however  the  effect  of  pylon  grid  topology  on  the  gross 
aerodynamic  interaction  effects  with  the  wing  are  minimal.  A  number  of  different  nacelle  pylon  geometries  have  been 
studied  using  Multiblock  alongside  comprehensive  wind  tunnel  test  programmes. 
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7.2  Executive  aircraft 

The  block  structure  used  tor  modelling  the  executive  jet  was  specified  automatically  (fig.  4),  and  the  resulting  1697-block 
1,000, 000-ceH  grid  structure  is  illustrated  in  figure  13.  This  features  C-grid  structures  around  the  section  of  aH  component 
geometries  -  wing,  pylon,  fin  and  tail,  and  around  each  section  of  the  through-flow-nacelle.  As  with  the  civil  transport 
configuration,  the  tubular  grid  structure  of  the  nacelle  extends  both  upstream  and  downstream  to  the  outerboundaries. 

The  engine  installation  for  this  configuration  lies  just  forward  of  the  wing  trailing  edge  so  there  is  a  strong  aerodynamic 
interference  effect  with  the  wing.  This  is  illustrated  by  the  contours  of  surface  pressure  depicted  in  figure  14,  showing  the 
area  of  decelerated  flow  at  the  wing  root  trailing  edge,  caused  by  the  blockage  effect  of  the  nacelle.  The  detail  of  flow  in 
the  pylon-nacelle-fuselage  gully  was  also  represented  by  the  calculation,  and  compares  favourably  with  wind-tunnel 
results. 

It  is  interesting  to  note  in  this  configuration,  that  geometrically  the  leading  edge  of  the  tailplane  lies  behind  the  trailing  edge 
of  the  nacelle,  however  because  of  the  sweep  and  sheering  of  the  grid  structure  required  to  model  the  leading  edge  of  the 
fin.  the  tailplane  leading  edge  is  topologically  forward  of  the  nacelle  trailing  edge. 


8.  Concluding  remarks 

The  combined  use  of  graphical  and  automated  techniques  in  Multiblock  topology  definition  and  surface  grid  generation,  has 
facilitated  the  application  of  Multiblock  to  a  wide  range  of  complex  aircraft  configurations.  In  particular,  the  use  of  a 
geometry  independent  grid  description  specifying  the  generic  grid  for  a  configuration  type,  has  allowed  the  systematic 
analysis  of  numerous  similar  geometries  in  parametric  design  studies. 
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Figure  9  .  Extent  of  the  application  of  Multiblock  within  BAe. 


Figure  13  :  Multiblock  surface  and  field  grid  tor  executive  aircraft , 
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Summary 

A  grid  generation  I  rhnique  for  curved  surfaces  and  three-dimensional  regions  is  presented.  In  the 
two-dimensional  case  the  set  of  solutions  of  the  proposed  grid  generator  belongs  to  the  class  of  quasiron- 
formai  mappings,  and  it  is  shown  that  under  appropriate  conditions,  it  represents  unfolded  orthogonal 
coordinates.  The  isothermic  coordinates  are  a  particular  case  of  this  wider  family  of  mappings.  In  three 
dimensions  the  solution  of  the  mapping  system  is  harmonic.  Different  kinds  of  stretching  including  an 
adaptive  control  of  the  mesh  clustering  are  presented. 


1.  Introduction 

As  numerical  algorithms  for  the  solution  of  the  governing  equations  of  fluid-dynamics  are  progressing, 
as  well  as  computer  resources,  there  is  an  increasing  demand  to  simulate  flows  over  more  realistic 
aerodynamic  shapes.  As  the  complexity  of  the  flow  domain  increases,  the  role  of  mesh  generation  within 
the  overall  numerical  simulation  become  more  important. 

The  objectives  of  grid  generation  are  essentially  two.  Firstly  the  grid  must  accurately  represent 
the  geometrical  boundaries  of  the  domain.  Secondly  the  mesh  distribution  should  resolve  all  the  scale 
lengths  of  the  flowfield  solution.  This  last  constraint  is  accomplished  by  an  appropriate  clustering  of 
the  grid  points  in  the  parts  of  the  domains  where  important  flowfield  gradients  are  expected.  If  the 
positions  of  the  high-gradient  regions  are  unknown  or  they  evolve  on  time,  the  mesh  generator  and  the 
flow  algorithm  should  interact  in  order  to  adequately  redistribute  or  add  grid  points. 

Numerical  grids  can  be  classified  into  two  main  categories:  unstructured  and  structured  meshes  (ll. 
Unstructured  meshes  are  formed  by  a  set  of  points  and  a  connection  between  them,  forming  triangles  in 
two  dimensions  or  tetrahedrons  in  three  dimensions.  They  are  very  flexible  and  it  is  possible  to  easily 
treat  multiple-ronnected  domains,  however  the  data  handling  is  quite  involved  and  moreover  certain 
efficient  numerical  algorithms,  such  as  ADI  techniques,  cannot  be  implemented. 

In  body  conforming  structured  grids  the  connections  between  points  is  defined  through)  the  curvi¬ 
linear  coordinate  system.  The  most  fruitful  strategy  for  generating  structured  grids  in  complex  config¬ 
urations  is  the  multiblock  approach.  The  physical  region  is  segmented  into  subregions  bounded  by  six 
curved  surfaces.  In  this  way  each  block  is  chosen  to  be  topologically  equivalent  to  a  cuboid  and  therefore 
be  mapped  into  a  unit  cube  in  computational  space  without  change  in  topological  structure,  (’artesian 
grids  in  the  unit  rubes  in  computati  mal  space  map  to  curvilinear  grids  in  physical  space. 

Ilv  subdividing  the  flow  domain  into  a  set  of  blocks,  it  is  possible  to  distinguish  the  subregions 
or  blocks  where  an  accurate  grid  is  necessary  because  of  geometric  constraints  or  because  the  flow 
field  developing  into  the  corresponding  physical  region  exhibits  important  gradients,  or  boths.  In  these 
subregions  the  grid  characterized  by  an  appropriate  metric,  should  minimize  the  geometric-induced 
discretization  errors  associated  with  the  numerical  algorithm  employed  to  solve  the  flow  equations. 
When  dealing  with  finite-difference  or  finite-volume  algorithms  it  is  advisable  to  have  smooth  grids, 
with  a  limited  departure  from  orthogonality.  Moreover  a  dynamically-adaptive  clustering  of  points  in 
the  legions  where  the  flow  variables  display  important  gradients  may  be  advisable. 

The  accurate  description  of  the  boundaries  of  the  physical  domain  is  a  crucial  aspect  of  the  nil 
merical  simulation.  Moreover  the  surface  grid  generation  has  a  dominant  effect  on  the  quality  of  the 
volume  grid.  In  this  work  a  grid  generation  technique  for  generating  structured  grids  on  curved  sur¬ 
faces  is  presented.  In  two  dimensions,  the  set  of  solutions  of  the  proposed  grid  generator  belongs  to 
the  class  of  quasieonformal  mappings  [2],  and  they  represent  orthogonal  curvi’inear  coordinates.  More¬ 
over  it  is  proved  that  the  differential  model  admits  regular  continuous  solutions,  without  local  foldings. 
Subsequently  the  technique  is  extended  to  three-dimensional  regions,  and  it  is  shown  that  the  solution 
represents  harmonic  maps. 

2.  Curvilinear  coordinates  in  Euclidean  spaces 

Grid  generation  of  curvilinear  coordinates  in  Euclidean  spaces  consists  in  the  construction  of  the  coor¬ 
dinate  system  {{'}  corresponding  to  given  metric  tensor  components,  that  is  in  calrulat-ng  the  transfor¬ 
mation  x‘ ({■'),  {x1}  being  the  cartesian  frame. 

The  mapping  x‘  -  /({J)  defined  on  the  domain  V  represents  a  coordinate  transformation  if  the 
function  /  :  T>  — *D(Z?tD€  R")  is  one-to-one  in  each  point  Pe  V  and  has  a  local  inverse  which  is  one-to- 
one  on  the  image  of  a  neighborhood  of  P.  Then  if  in  Pf  T>  the  Jacobian  determinant  J(f)  yf  n  by  the 


inverse  function  theorem  it  follows  that  there  exists  in  a  neighborhood  of  P  a  regular  coordinate  system 
without  singularities  or  local  foldings.  These  conditions  of  local  regularity  are  satisfied  by  a  proper 
choice  of  the  metric  tensor  components  g,r  However  even  if  J([)  yt  0  at  all  the  points  of  V,  it  does  not 
follows  that  /  is  one-to-one  on  T>.  In  order  to  have  a  globally  one-to-one  mapping  on  V  it  is  necessary 
to  appropriately  specify  the  physical  domain  D,  by  a  one-to-one  correspondence  g  :  dV  — *  3D. 

The  knowledge  of  the  metric  element  ds1  =  gijd£'d£>  at  an  arbitrary  point  P  of  the  space,  enable  us 
to  image  a  frame  T  with  origin  at  this  point,  with  characteristics  specified  by  the  components  gxy  The 
local  reconstruction  of  the  space  consists  in  localizing  with  respect  to  this  frame  T ,  the  frame  T'  relative 
to  a  point  Q  contained  in  a  neighborhood  of  P.  It  is  then  necessary  to  find  a  set  of  equations  expressing 
the  characteristics  of  T'  in  function  of  the  known  frame  T .  Being  df  =  dz'e,,  by  the  definition  of  the 
vectors  j,,  tangent  to  the  axes  of  T ,  and  of  covariant  derivative,  with  T*  the  connection  coefficients,  we 
have 

df  =  d(^'gi  i  =  l,n  (2.1) 

d 9 ,  =  ^ijdi}9k  i,j,k  =  l,n  (2.2) 

If  the  functions  g, „((*)  are  continuous,  the  symbols  T*,  can  be  expressed  as  functions  of  the  derivatives 
of  gtJ.  Equations  (2. 1,2. 2)  solve  completely  the  problem  in  a  neigborhood  of  P,  and  form  the  mapping 
system. 

The  conditions  of  integrability  for  equations  (2. 1,2. 2)  require  that,  for  symmetric  symbols  I,  =  F*,. 
the  curvature  tensor  Rrtjk  =  0.  The  functions  gXJ  must  satisfy  this  flatness  condition  in  order  to  be  viewed 
as  the  components  of  the  Euclidean  metric.  Moreover  the  solution  of  the  mapping  system  (2. 1,2. 2) 
represents  the  curvilinear  system  specified  by  the  given  metric  tensor  components,  and  the  functions 
are  a  local  coordinate  transformation  in  a  neighborhood  of  P,  if  gXj  £  Cl  and  the  determinant  of 
tfir  matrix  gtJ ,  g  /  0  in  P  (  regular  metric  ). 

Kor  a  regular  metrir  we  have  x'(^)  €  C2  at  least,  then  the  mapping  system  (2. 1,2. 2)  can  be  converted 
into  a  system  of  second-order  partial  differential  equations.  Differentiating  equations  (2.1)  with  respect 
to  by  using  equation  (2.2),  we  obtain 


dV 

dvdV 


, i . 

,J3£* 


r  =  1,3 


(2.3) 


The  terms  on  the  left  hand  side  of  equations  (2.3)  are  the  components  of  a  symmetric  second  order 
rovariant  tensor,  called  the  second  fundamental  form  of  the  map  x'  =  f'(V)  (3).  The  trace  of  this 
tensor,  obtained  by  inner  multiplication  by  g,y  is  called  the  tension  field  of  /,  and  it  is  formed  by  the 
system  of  second-order  partial  differential  equations 
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•System  (2.4)  is  the  most  general  set  of  equations  which  can  be  us^d  for  grid  generation  in  Euclidean 
spaces 

A  mapping  /  is  defined  harmonic  if  and  only  if  it  is  an  extremal  of  the  energy  integral  [4] 


(2.5) 


It  can  be  shown  that  equations  (2.4)  are  the  Euler- Lagrange  equations  arising  from  the  variational 
problem  of  the  energy  integral  (2.5),  then  their  solutions  x‘  =  f((])  represent  harmonic  maps. 

The  terminology  tension  field  can  be  explained  by  a  physical  picture  of  a  harmonic  map  /"'  :D— •  V 
[4|.  Suppose  that  D  is  made  of  rubber  and  that  V  is  made  of  marble:  the  map  f~'  constrains  D  to  lie 
on  V.  At  each  point  of  D  there  is  a  vector  representing  the  tension  in  the  rubber  at  that  point.  It  is 
seen  that  /  is  harmonic  if  and  only  if  f~l  constrains  D  to  he  on  P  in  a  position  of  elastic  equilibrium. 

System  (2.4)  can  be  recast  into  the  form 


(2.6) 


and  it  follows  that  the  basic  mapping  system  is  formed  by  a  set  of  Laplace- Beltrami  equations,  which 
can  lie  viewed  as  the  Euler- Lagrange  equations  of  the  variational  problem  of  the  integral 
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3.  Surface  orthogonal  coordinates 

The  development  of  an  appropriate  grid  generation  technique  for  n-dimensional  spares  mus.  begin  by 
specifying  the  n-independent  metric  components  in  order  to  represent  a  particular  curvilinear  coordinate 
system.  Their  substitution  into  system  (2.4)  leads  to  a  specific  mapping  system  which,  with  a  suitable 
set  of  boundary  conditions,  defines  the  mapping  problem  whose  solution  represents  the  appropriate 


coordinate  transformation.  As  it  has  been  shown  previously,  the  coordinate  transformation  satisfies  tiie 
properties  of  local  regularity  if  the  metric  is  regular:  g{  -  £  Cl  and  g  /  0  in  T>.  An  explicit  consideration 
of  the  Hat  ness  condition  is  not  necessary.  It  is  a  requirement  of  integrability  which  is  satisfied  when  the 
existence  of  the  coordinate  transformation  is  proved. 

A  surface  in  the  Euclidean  space  is  individuated  by  two  coordinates,  say  and  £2,  holding  the  third 
fixed.  If  in  addition  the  ^-coordinate  lines  are  orthogonal  to  this  surface  (<713  =  g2z  =  0),  system  (2.6) 
reads,  with  r  =  1,3  and  a,/?, 7  =  1,2 


where  A’(  and  A’2  are  the  principal  curvatures  of  the  surface,  and  n'e,  the  local  unit  normal  vector 
forming  with  the  tangent  vectors  of  the  surface  coordinate  lines  £’  and  £J,  a  right-handed  frame. 

For  an  orthogonal  surface  grid  {£“}  we  have  j12  =  0,  then  equations  (3.1)  take  the  form,  with 

A2  922/911.  V  =  i  i2  =  V. 
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Let  {« "}  he  any  arbitrary  surface  coordinate  system  such  that  x‘(u“).  The  metric  tensor  components 
of  the  surface  orthogonal  coordinates  {£“}  must  satisfy  the  following  relations 

922  =  A2(^,i;)511  ,  =  <?2i  =  0  (3.3) 


where  the  distorsion  function  F  is  non-zero  and  continuously  differentiable.  If  ay6  are  the  metric  tensor 
components  of  the  i<a-coordinates,  by  the  transformation  law  for  tensor  components,  equations  (3.3) 
yield  the  relations 


rdu°  =  00^0^1 
d(  y/a  drj 


(3.4) 


where  a  nna22  -  aj2  and  eai3  is  the  permutation  symbol  (e11  =  en  —  0,f12  =  -su  =  1).  Equations 

(3.4)  are  the  generalized  Cauchy* Riemann  equations.  The  reason  for  this  terminology  is  that  they  reduce 
to  the  well  known  Cauchy- Riemann  equations  of  complex  analysis  when  the  surface  is  flat  ( aap  =  6a0). 

System  (3.2)  with  the  cartesian  coordinates  {*‘}  as  dependent  variables,  can  be  reduced  to  a  set 
of  two  equations  with  unknowns  the  surface  coordinates  {ua}.  By  the  chain  rule  for  differentiating 
composite  functions  and  by  equations  (3.4),  system  (3.2)  takes  the  form  [5] 
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On  flat  surfaces  it  is  possible  to  introduce  cartesian  coordinates  {u°},  in  this  case  the  rhs  of  equations 

(3.5).  as  well  as  of  equations  (3.2),  vanishes,  and  the  system  takes  the  same  linear  form  as  the  mapping 
system  proposed  in  ref.[6]  to  generate  orthogonal  grids  on  plane  domains.  Also  in  the  case  of  isothermic 
coordinates  {«'’ )  the  rhs  of  the  mapping  system  (3.5)  vanishes.  Thus  it  is  possible  to  conclude  that  if  the 
surface  is  parametrized  by  isothermic  coordinates  (»'’).  then  any  other  orthogonal  coordinate  system 
ran  be  obtained  as  solution  of  a  grid  generation  technique  developed  for  two-dimensional  plane  domains. 

Equations  (3.4)  are  the  Euler- Lagrange  equations  from  the  variational  problem  of  the  integral 
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I  lie  transformation  »'*(£')  for  orthogonal  coordinates,  corresponding  to  the  mapping  of  a  rectangular 
domain  P  defined  on  the  mathematical  plane  onto  a  domain  D,  defined  on  the  surface  .r'(n°), 
i'  til**  ^olrtion  of  the  boundary  value  problem  formed  by  the  mapping  system  (3.5)  and  by  a  set  <*f 
appropriate  boundary  conditions.  The  boundary  conditions  must  ensure  that  the  image  of  the  boundary 
<*P  coincides  with  the  boundary  f?I)  on  the  surface.  This  correspondence  tan  be  obtained  by  specifying 
Miricfilel  boundary  conditions.  However  in  the  present  case  the  condition  of  orthogonality  (3.4)  must 
hold  tlnoiigli  the  boundary  <YP.  In  general  Dirichlet  boundary  conditions  are  not  consistent  with  these 
additional  constraints.  It  is  possible  to  overcome  tins  problem  by  representing  the  boundary  OP  in 
parametric  form,  and  to  enforce  a  ‘shape  correspondence’  of  tfD  with  the  image  of  OP,  bv  leaving  the 
boundary  grid  points  to  float  along  the  boundary  f)D  between  the  corresponding  corner  points,  in  order 
to  satisfy  equations  (3.4). 

If  the  mapping  ii'*  f((‘l  represents  an  allowable  mapping,  the  Jacobian  determinant  of  the 
function  /  :  P  *f)  must  not  vanish  on  V.  Orthogonal  coordinates  satisfy  in  each  point  of  P  (lie 
generalized  (’  R  equations  (3.4),  then  it  follows  that  the  Jacobian  determinant  reads 

<hin  On1'  I  dtp  dul* 

nli  0£  Ot)  y  v/o  Or)  di)  (  ^ 

This  quart  rat  ir  form  is  positive  definite,  and  it  vanishes  only  if  or  if  both  the  partial  derivatives 
are  zero.  But  this  cannot  be  true  for  a  regular  solution,  then  the  grid  will  always  be  unfolded. 
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The  existence  of  surface  orthogonal  grids,  solutions  of  the  boundary  value  problem  formed  by  equa¬ 
tions  (3.5)  and  the  boundary-point  relocation  procedure  ensuring  the  orthogonality  at  the  boundaries, 
can  be  proved  as  follows.  It  is  known  (Rado  theorem  [7])  that  every  orientable  surface  which  carries  a 
metric  tensor  can  be  made  into  a  Riemann  surface.  Then  all  orientable  surfaces  with  a  metric  admit  a 
conformal  structure  carried  by  the  isothermic  coordinates,  and  by  the  Koebe- Riemann  mapping  theorem 
for  Riemann  surfaces  it  follows  that  an  arbitrary  region  D  of  the  surface  bounded  by  a  simple  closed 
curve,  can  be  mapped  onto  a  simply-connected  plane  domain.  If  the  system  (ua  }  is  isothermic  the  rhs  of 
eq.(3.5)  vanishes,  and  the  resulting  mapping  system  can  be  interpreted  as  a  particular  case  of  the  com¬ 
plex  Beltrami  equation  [6].  Then  from  complex  analysis  it  follows  that  in  this  case  the  transformation 
u.a((.s)  is  a  regular  quasiconformal  mapping  [2j.  Having  proved  the  existence  of  isothermic  coordinates, 
the  problem  of  the  existence  of  surface  orthogonal  coordinates  is  reduced  to  the  existence  of  a  solution 
of  the  Beltrami  equation,  which  is  known  to  exists.  Then  it  is  possible  to  state  a  mapping  theorem 
for  quasiconformal  mappings  analogous  to  the  Riemann  theorem  for  conformal  transformation  [2].  In 
addition,  for  mappings  u“  =  f(^)  which  are  quasiconformal  on  V,  it  is  possible  to  prove  that  if  the 
image  of  &V  under  f  is  a  one-to-one  sense- preserving  image  which  consists  of  a  simple  closed  curve  9D, 
then  the  mapping  f  defines  a  global  one-to-one  correspondence  between  V  and  D. 

The  mapping  theorem  states  that  the  solution  is  unique  fixing  the  correspondence  of  three  points 
on  dD  with  the  images  of  three  points  of  STD.  Being  interested  in  quadrilaterals  domains  D,  it  follows 
that  it  is  not  possible  to  map  D  on  ‘a  priori'  specified  rectangular  regions  V.  For  a  given  domain  D  with 
conformal  module  M  =  m(D)  (7) ,  the  conformal  modulus  of  the  rectangle  Z>  is  given  by  the  relation 

M 

m(V)  =  —  (3.8) 

A'  being  the  upper  bound  of  the  distorsion  function  F.  For  conformal  mappings  F=l,  and  it  follows 
that  the  two  regions  must  have  the  same  conformal  module  [6].  For  a  rectangular  region,  the  conformal 
module  coincides  with  the  side  ratio,  then  it  is  possible  to  normalize  the  region  V  into  the  unit  square 
P  and  to  treat  m(D)  as  an  unknown  stretching  parameter,  by  adding  the  relation 

,  k  F \j9nl9iididi) 

m  ~  -  /  T—  (•>••}) 

h  Tydh/ghdtdi) 

Equation  (3.9)  is  obtained  by  integrating  equations  (3.4). 

The  numerical  algorithm  consists  of  two  steps.  Firstly,  for  a  fixed  boundary  point  distribution 
and  given  conformal  module,  the  finite-difference  discretizations  of  equations  (3.5)  are  solved  by  an 
approximate  factorization  technique.  Then  the  positions  of  the  boundary  points  are  adjusted  in  order 
to  satisfy  equations  (3.4).  and  the  conformal  module  is  updated  by  solving  equation  (3.9). 

The  control  of  the  grid  spacing  is  obtained  by  specifying  the  distorsion  function  F({.q).  For  F  =  1 
we  have  the  case  of  conformal  mapping.  Along  a  q-constant  coordinate  line  the  differential  dq  vanishes 
then  from  the  definition  of  metric,  it  follows  that  the  incremental  arc  length,  da  is  given  by  the  relation 

da  =  \/gud(,  (3.10) 

Similarly  along  a  {-constant  line,  denoting  by  t  the  arc  length,  dt  =  y/j^dq.  From  the  definition  of 
distorsion  function  (3.3)  it  follows 

-  (3.11) 

U 

The  functions  s(  and  („  represent  the  distribution  of  the  arc  lengths  along  the  coordinate  lines  with 
respect  to  constant  increments  of  {  and  q,  and  can  be  prescribed  by  any  suitable  stretching  function. 
Fig.l  shows  an  orthogonal  grid  on  a  part  of  an  ellipsoide,  with  stretching  of  the  grid  points  near  the 
corners,  obtained  by  specifying  the  functions  3(  and  <n  as  exponential  stretchings  with  respect  to  {{"}. 
It  is  worth  noting  that  this  grid  cannot  be  interpreted  as  the  composition  of  a  isothermic  transformation 
and  one-dimensional  stretchings. 

If  the  attraction  line  or  point  is  in  the  interior  of  the  domain,  rather  than  on  a  boundary,  then  it  is 
necessary  to  specify  the  stretching  functions  S(  and  tv  as  functions  of  {«“}.  A  typical  control  function 
ha*  the  form  (8) 

s(  =  I-  |  1  -t«)  |  e*1*— 1 1  (3.12) 

where  t  and  r«>  are  the  unit  vectors  tangent  to  the  attraction  line  and  normal  to  the  {-coordinate  tine 
respectively,  d„m  the  shortest  distance  between  the  grid  point  and  the  attraction  line,  and  A  a  decay 
factor.  In  figure  2  it  is  shown  the  grid  on  a  part  of  a  sphere,  with  concentration  of  the  grid  points  with 
respect  to  a  fixed  point  inside  the  domain. 

From  the  previous  considerations  it  follows  that  the  most  straightforward  adaptive  specification  of 
the  distorsion  function  F  is  given  by  a  curve-by-curve  approach  (9).  Along  a  q-constant  coordinate  line 
the  basic  differential  statement  of  the  equidistribution  law  is 

w((,V)ds  =  Cd(.  (3.13) 

For  each  given  curve,  C  is  a  constant.  However  going  from  a  curve  to  another  curve  of  the  same  family, 
that  constant  becomes  a  function  of  the  transverse  variable  which  governs  this  progression.  Comparing 
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equations  (3.10)  and  (3.13),  it  follows 


y/9n  ~ 


A  similar  result  holds  for  v  along  f-constant  coordinate  lines.  For  a  given  weight  function,  the 
constant  C  is  determined  explicitly  by  integration  of  equation  (3.13)  along  the  entire  curve.  The  weight 
function  depends  upon  the  physical  space  {u“},  moreover  the  coordinate  line  ‘moves’  during  the  iterative 
procedure  for  solving  the  boundary- value  problem;  then  the  value  of  C  as  well  as  the  function  gu  must 
be  updated  at  each  iteration. 

The  weight  function  is  formed  by  a  positive  scalar  of  the  type  w  ~  1  +cM,  where  M  is  a  non-negative 
function  formed  by  some  error  estimate  or  some  normalized  gradient  of  a  scalar  function  representative 
of  the  physical  problem.  And  c  is  a  non-negative  constant  indicating  the  level  of  importance  attached 
to  A/.  In  the  present  case  we  used  a  function  M  based  on  the  normalized  first  derivative  along  the 
coordinate  line  of  a  scalar  test  function  /. 

Figures  3-a,b  show  the  grid  around  a  double-ellipse  shape;  the  grid  is  clustered  along  the  shock-like 
fronts  simulating  the  intersection  between  the  bow  shock  and  the  shock  originating  from  the  canopy  . 
It  can  be  noted  how  the  grid  is  fitting  the  shocks,  with  one  family  of  coordinate  fines  being  aligned  to 
the  fronts  while  the  other  one  is  crossing  it  orthogonally. 

4.  Three-dimensional  curvilinear  coordinates 

The  aim  is  to  develop  a  grid  generation  technique  for  generating  structured  three-dimensional  grids  with 
smoothness,  limited  departure  from  orthogonality  and  adaptive  clustering  of  the  mesh  points.  Imposing 
the  constraints  of  orthogonality  gu  =  <j13  =  §23  =  0  the  metric  tensor  components  can  be  expressed 
follows 

S.j  =  (4.1) 

where  A(q  is  the  value  of  the  diagonal  metric  tensor  component  Introducing  the  following  notation, 
with  no  summation  on  repeated  indeces, 

F„)  =  •/gg"  (4.2) 

from  the  general  mapping  system  (2.6),  we  obtain  the  mapping  system 


r  =  1,3 


being  x1  =  x ,  x 3  =  y  and  x3  =  2  cartesian  coordinates. 

As  in  the  case  of  two-dimensional  mappings  (5,6),  it  is  possible  to  obtain  from  the  metric  tensor 
constraints  (4.1 )  a  set  of  relations  which  represent  the  conditions  of  integrabifity  for  the  mapping  system. 
These  conditions  can  be  considered  as  the  extension  of  the  generalized  Cauchy- Riemann  relations  (3.4) 
to  the  three-dimensional  case,  and  they  can  be  expressed  in  the  following  form,  being  g[  the  tangent 
vector  to  the  ^.-coordinate  line, 

9\  -  (92  *  S3)  (4.4) 

3  Fin 

9i  =  (<7s  y  97)  (4.5) 

3c!2! 


93  ■-  r-p r -  (9i  x  9 2)  (4.6) 

JC(3| 

As  shown  in  section  2,  the  solution  of  system  (4.3)  represents  a  harmonic  map,  and  it  is  an  extremal 
of  the  integral  (2.7)  which  in  this  case  reads 


h  -  2  I  (F(ii9u  +  F( 2 )9jj  +  d£‘v 


"Hie  bilinear  form  n(«,r)  corresponding  to  the  integral  /„  satisfies  the  relation 

°(,'.,',j)  =  \f{9)9'J t'l'h  >  or  |  i'  I1  (4.8) 

fin  every  point  {£'}  f  P  and  for  every  u  6  RN ,  o  >  0,  being  the  Beltrami-baplace  operator  elliptic. 
Then  the  bilinear  form  is  coercive,  and  it  follows  that  for  a  domain  with  a  smooth,  or  a  piecewise  smooth, 
boundary,  there  exists  a  unique  weak  solution  of  the  boundary-value  problem  formed  by  system  (4.3) 
and  a  suitable  set  of  boundary  conditions  ( 1 0] .  The  bilinear  form  (4.8)  is  symmetric  then  the  solution 
minimizes 

Unlike  the  two-dimensional  case,  where  it  was  possible  to  state  the  condition  for  the  existence  of 
a  regular  solution,  in  three  dimensions  the  metric  constraints  and  the  relations  (4. 4, 4. 5,4. 6)  form  an 
overdetermined  system,  then  the  class  of  regular  harmonic  mappings  is  highly  restricted. 

The  control  of  the  grid  clustering  can  be  obtained  in  a  similar  way  as  in  the  rase  of  two-dimensional 
orthogonal  coordinate.  Applying  equation  (3.10)  to  the  definition  of  the  functions  F(t)  (4.2),  and  denoting 
with  ;,t  and  11  the  arc  lengths  along  the  r)-  and  ((-coordinate  lines  respectively,  it  follows 
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(i)  : 


(4.9) 


Similar  relations  hold  for  F(2)  and  F(  31- 

In  fig. 4  the  grid  obtained  in  a  region  between  two  ellipsoids  is  shown.  The  grid  on  the  boundary 
surfaces  has  been  obtained  by  transfinite  interpolation,  and  kept  fixed  during  the  iterative  procedure. 
The  interior  grid  is  smooth  and  with  a  limited  departure  from  orthogonality.  An  improvement  of  the 
present  technique  could  be  obtained  by  leaving  the  boundary  points  to  move  on  the  boundary  surface 
in  order  to  satisfy  the  orthogonality  requirements. 


5.  Conclusions 

A  grid  generation  technique  for  curved  surfaces  and  three-dimensional  regions  is  presented.  In  two 
dimensions  it  has  been  proved  that  the  mapping  represent  unfolded  orthogonal  coordinates.  In  three 
dimensions  the  resulting  mapping  is  harmonic.  Clustering  control  including  an  adaptive  curve-by  curve 
method  is  presented. 

References 

1.  Thompson,  J.F.,  Steger,  J.L.  and  Yoshihara,  H.  Three-dimensional  grid  generation  for  complex 
configurations  -  Recent  progress,  AGARDograph  n.309,  March  1988. 

2.  Letlio,  0.  and  Virtanen,  K.I.  Quasiconformal  mappings  in  the  plane.  Springer- Verlag,  NY.,  1973. 

3.  Willmore,  T.J.  Total  curvature  in  Riemannian  geometry,  Ellis  Horwood,  Chichester,  1982. 

4.  Eells,  J.  and  Sampson,  J.M.  Harmonic  mappings  of  Riemannian  manifolds,  Amer.  J.  Math.,  86, 
109-160,  1964. 

6.  Arina,  R.  Adaptive  Orthogonal  Surface  Coordinates,  Numerical  Grid  Generation  in  Comput. 
Huid  Mechanics,  Setigupta  and  al.  eds.,  proceedings  of  the  2nd  International  Conference  on  Numerical 
Grid  Generation  in  C'FD,  Pineridge,  1986. 

ti.  Arina,  R.  Adaptive  Orthogonal  Curvilinear  Coordinates,  Conference  on  Numerical  Methods  for 
Fluid  Dynamics,  Oxford,  Morton  K.  and  Baines  M.J.  eds.,  Oxford  Univ.  Press,  1988. 

7.  Colin,  H.  Conformal  Mappings  on  Riemann  surfaces,  Dover,  New  York,  1980. 

8-  Thompson, J.F.,Warsi,Z.lI. A.  and  Mastin.C'.W.  Numerical  grid  generation,  foundations  and  ap¬ 
plications.  North-Holland,  NY,  1985. 

'I.  Fiseman.  P.R.  Adaptive  grid  generation,  Comput. Meth. in  Appl.Mech.and  Eng.,  Vol.64-1/3, 

pp. 321 -376.  1987. 

10.  Hrezis,  II.  Analyse  fonctionnelle  -  Theorie  et  applications,  Masson,  Paris,  1983. 


FEATURE-ASSOCIATED  MESH  EMBEDDING 
FOR  COMPLEX  CONFIGURATIONS 


m 


by 

C.M.A!bone 

Royal  Aerospace  Establishment 
Famborough 
United  Kingdom 

Gaynor  Joyce 
Aeronautics  Department 
The  City  University 
London  EC  I 
United  Kingdom 

SUMMARY 

The  mesh-generation  scheme  described  in  this  paper  nas  been  designed  to  cope  with 
complex  geometric  and  flow  features  by  employing  many  regular  three-dimensional  overlying 
meshes.  Features  are  classified  according  to  the  number  of  geometric  constraints  to 
which  they  are  subject,  and  each  feature  has  its  own  purpose-built  mesh.  Four  different 
mesh  topologies  are  required  to  deal  with  all  possible  geometric  and  flow  features.  Pro¬ 
gress  to  date  is  described  and  meshes  for  simple  three-dimensional  configurations  are 
shown  together  with  results  of  some  Euler  flow  calculations. 


1  INTRODUCTION 

The  geometric  complexity  of  aircraft  conf igurations  presents  a  major  challenge  to 
those  involved  in  generating  field  meshes  upon  which  the  governing  flow  equations  may  be 
discretized  and  solved  numerically.  Accurate  representation  of  ail  parts  of  the  solid 
surfaces  of  the  aircraft  and  of  the  boundary  conditions  that  apply  there  is  crucial  to 
obtaining  numerical  solutions  in  which  the  aircraft  designer  can  have  confidence.  There 
is  now  broad  agreement  amongst  researchers  that  alignment  of  the  mesh  to  all  solid  sur¬ 
faces  is  necessary  in  order  to  achieve  this  accuracy.  For  complex  configurations,  this 
requirement  alone  places  numerous  constraints  upon  the  mesh  and  these  frequently  result 
in  meshes  that  are  of  poor  quality  in  some  parts  of  the  field.  Further  constraints  arise 
because  the  quality  of  the  numerical  solution  is  also  strongly  dependent  upon  how  well 
the  mesh  represents  features  other  than  solid  surfaces.  These  are  the  features  of  high¬ 
speed  viscous  flow  which  may  have  a  directional  bias,  such  as  shock  waves  and  shear 
layers,  or  they  may  simply  be  regions  of  high,  but  not  directionally  dominated,  flow 
gradient.  As  a  result  of  these  difficulties,  methods  for  generating  meshes  have  over 
recent  years  grown  considerably  in  complexity  and  sophistication1.  Usually,  the  task  of 
generating  a  mesh  of  even  modest  quality  for  a  given  complex  configuration  requires  con¬ 
siderable  user  expertise,  much  manual  intervention  and  several  man-months  of  work. 

Most  mesh-generation  methods  fall  into  one  of  three  categories:  multiblock, 
unstructured  or  overlapping,  although  the  last  of  these  may  be  called  overset  or  over- 
lying.  The  strategy  behind  the  method^  described  in  this  paper  was  inspired  by  the 
nature  of  geometric  and  flow  features  that  occur  in  high-speed  aerodynamics.  The  method, 
known  as  Feature-Associated  Mesh  Embedding  (FAME) ,  uses  many  meshes  and  is  of  overlapping- 
mesh  type,  yet  it  is  more  appropriately  described  as  being  an  over lying-mesh  method.  It 
contains  many  regions  of  embedded  mesh  and  so  is  at  least  in  part  unstructured,  yet  it 
bears  little  resemblance  to  so-called  unstructured  meshes.  Its  main  mesh  is  synthesized 
from  many  sub-meshes  called  blocks,  yet  it  is  not  multiblock  method.  This  serves  to 
indicate  how  difficult  it  can  sometimes  be  to  categorise  a  method.  Before  proceeding  to 
a  more  detailed  description  of  the  present  method  and  of  the  results  in  sections  3  and  4 
respectively,  we  will  attempt  to  clarify  some  of  the  issues  regarding  the  nature  of 
various  mesh-generation  schemes  emphasising  where  possible  the  similarities  between  them. 
This  will  comprise  section  2. 

2  A  CONCILIATORY  VIEW  OF  MESH-GENERATION  METHODS 

In  recent  years,  there  has  been  an  unfortunate  trend  for  views  to  become  polarised 
regarding  the  merits  of  the  three  broad  approaches  to  mesh  generation.  It  may  therefore 
be  helpful  to  spend  a  while  identifying  some  of  the  similarities  between  the  approaches. 
This  task  is  fraught  with  difficulties;  not  least  of  all  those  of  semantics.  For 
example,  let  us  firstly  consider  how  many  meshes  are  employed  in  the  various  approaches. 
Few  would  dispute  that  overlapping-mesh  methods  use  several  meshes.  The  common  view  of 
raultiblock  however  is  that  it  consists  of  one  mesh  decomposed  into  several  blocks.  The 
use  of  these  words  tends  to  give  the  impression  that  the  two  approaches  are  quite  dis¬ 
tinct.  But  are  they?  If,  in  one  block  of  a  multiblock  mesh,  we  refine  (or  embed)  the 
mesh  in  one  or  more  coordinate  directions  by  (say)  a  factor  of  two,  so  that  some  mesh 
lines  terminate  at  block  faces,  do  we  still  have  one  mesh  and  several  blocks,  or  is  it 
now  more  appropriate  to  consider  the  finer  block  to  be  a  separate  mesh  that  overlaps  (or 
perhaps  more  appropriately  overlies)  the  original  mesh?  Certainly  the  treatment  necessary 
at  such  a  block  face  would  have  much  in  common  with  that  used  in  overlapping  mesh 
schemes.  The  second  problem  area  concerns  use  of  the  words  regular  and  irregular  to  des¬ 
cribe  points  in  a  mesh.  Again,  few  would  dispute  that  unstructured  meshes  consist 
entirely  of  irregular  points.  For  a  multiblock  mesh  it  is  also  accepted  that  so-called 
singular  points  at  certain  block  edges  and  corners  are  irregular.  But  what  about  those 
points  on  a  face  between  two  blocks  having  different  orientations;  should  they  not  be 
irregular  as  well?  And  if  they  are  irregular,  why  is  a  multiblock  mesh  commonly  referred 
to  as  a  structured  mesh  (a  term  usually  reserved  for  a  mesh  consisting  entirely  of  regu¬ 
lar  points)? 
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We  begin  to  try  and  unravel  some  of  this  confusion  by  defining  regularity  for  each 
point  of  a  three-dimensional  mesh  at  which  the  flow  equations  (possibly  in  conjunction 
with  a  boundary  condition)  are  to  be  discretized.  The  condition  for  regularity  concerns 
the  addressability  of  neighbouring  mesh  points,  where  the  number  of  these  is  a  function 
of  the  size  of  the  stencil  (or  computational  molecule)  associated  with  the  discretization 
scheme.  For  a  point  indexed  (I,J,K)  to  be  regular,  all  the  points  in  physical  space  that 
are  included  in  the  stencil  must  be  addressable  as  (i,j,k)  where  i,  j  and  k  differ 
from  I,  J  and  K  ,  respectively,  by  zero  or  one  (or  possibly  by  2  for  some  larger 
stencils).  In  other  words,  all  points  in  the  stencil  must  be  adjacent  to  the  point  in 
question  in  computing  space  as  well  as  in  physical  space.  This  condition  necessarily 
excludes  points  where  more  than  six  mesh  lines  meet.  Mesh  points  that  fail  to  satisfy 
this  condition  are  defined  as  being  irregular. 

Let  us  now  turn  our  attention  to  meshes  rather  than  points  and  deal  with  the  terms 
structured  and  unstructured.  All  meshes  possess  structure,  since  without  it  no  spatial 
relationship  would  exist  between  points  and  so  no  discretization  scheme  could  be  imple¬ 
mented  upon  them.  For  so-called  unstructured  meshes,  the  structure  is  defined  on  a  local 
basis  rather  than  the  simpler,  global  basis  used  for  structured  meshes.  Here  we  avoid 
using  both  these  terms  for  defining  types  of  meshes  since  they  add  little  to  our  under¬ 
standing  of  the  properties  of  a  mesh.  Instead,  we  define  a  mesh  to  be  regular  if  all 
points  at  which  the  flow  algorithm  is  to  be  discretized  are  regular.  An  irregular  mesh 
is  defined  as  one  having  at  least  one  irregular  point.  Whilst  these  definitions  follow 
logically  from  those  for  points,  they  may  conflict  with  some  commonly-held  views.  As  an 
example,  an  O-mesh  or  a  C-mesh  around  an  aerofoil  is  usually  considered  to  be  regular. 
However,  mesh  points  on  the  'cut  line'  downstream  of  the  trailing  edge  are  interior  in 
physical  space,  but  are  boundary  points  in  computing  space  at  which  the  flow  equations 
are  discretized.  If  the  mesh  is  extended  across  the  cut  line  from  both  sides  through  use 
of  haloes ,  and  the  appropriate  values  of  flow  variables  are  set  at  the  halo  points,  then 
the  mesh  is  regular  by  the  above  definition,  since  all  points  at  which  the  flow  algorithm 
is  discretized  are  regular.  If  no  halo  is  used,  then  points  on  the  cut  line  fail  to  sat¬ 
isfy  the  condition  of  regularity  and  a  pointer  scheme  is  usually  adopted  to  address 
neighbouring  points.  In  this  case  the  mesh  is  irregular.  These  two  alternative  ways  of 
viewing  such  meshes  will  arise  later  on  in  discussion  of  multiblock  meshes.  A  second 
example  of  where  our  definitions  may  conflict  with  commonly-held  views  is  illustrated  by 
the  two-dimensional  mesh,  sketched  in  Fig  1,  which  might  be  perceived  as  being  irregular. 
If  at  the  boundary  points  (marked  by  circles)  values  of  flow  variables  are  given,  so  that 
the  flow  algorithm  is  discretized  only  at  interior  points,  then,  according  to  our  defini¬ 
tion,  the  mesh  will  be  regular  (for  a  computational  molecule  no  larger  than  a  nine-point 
symmetric  stencil) .  In  this  case  the  irregular  shape  of  the  region  covered  by  the  mesh 
does  not  automatically  lead  to  the  mesh  being  irregular. 

It  is  widely  accepted  that  flow  algorithms  are  more  easily  implemented  on  regular 
meshes  than  irregular  ones  due  to  their  global  addressing  property.  This  simplicity  is 
exploited  by  advocates  of  overlapping  meshes  where  each  mesh  is  usually  regular  or  can  be 
made  regular  through  the  use  of  haloes,  but  they  pay  the  penalty  of  having  to  construct 
possibly  complicated  and  potentially  inaccurate  interpolation  procedures  in  order  to 
transfer  flow  data  between  meshes.  With  the  new  definition  to  hand,  we  may  therefore 
state  that  overlapping  mesh  methods  use  several  overlapping  regular  meshes. 

We  now  show  how  multiblock  mesh  methods  can  be  classified  in  two  completely  differ¬ 
ent  ways  according  to  whether  the  data  structure  at  block  boundaries  is  of  halo  type  or 
pointer  type.  When  using  the  halo  approach,  the  data  array  for  discretizing  the  flow 
equations  at  interior  points  of  a  block  is  expanded  so  that  the  discretization  scheme  may 
be  applied  at  block-boundary  points  as  well.  Where,  as  is  usual,  each  point  interior  to 
a  block  ic  regular,  '-i. j.  proc_d_r  .c.uc: _  Ll-^x-boundary  points  regular,  but  now  the 
'expanded  block1  is  bigger  and  indeed  it  overlaps  neighbouring  blocks.  Through  using  the 
halo  procedure,  multiblock  is  therefore  conceptually  the  same  as  the  overlapping  mesh 
approach  and  so  can  be  defined  as  consisting  of  several  overlapping  regular  meshes.  Of 
course  there  are  differences  in  detail  between  tKe  two.  If  at  block  boundaries,  mesh 
lines  are  continuous  (this  necessarily  means  no  embedding)  and  changes  in  the  slope  of 
mesh  lines  are  small,  then  points  may  be  taken  as  coincident  in  the  overlap  region  so 
avoiding  the  need  for  interpolation.  The  second  approach  to  data  structure  at  the  block 
boundaries  of  a  multiblock  scheme  is  to  use  a  pointer  system.  In  using  this,  the  block  is 
not  expanded  and  so  the  irregularity  of  points  on  the  block  boundary  is  accepted  and  the 
pointer  system  is  used  to  address  points  in  neighbouring  blocks.  In  this  case  multiblock 
may  be  defined  as  consisting  of  one  irregular  mesh. 

To  complete  the  definition  of  the  various  approaches  to  mesh  generation,  we  may 
state  that  so-called  unstructured-mesh  methods  consist  of  one  irregular  mesh.  The 
observation  that  this  is  identical  to  the  definition  of  multiblock  methods  when  a  pointer 
system  is  adopted  may  cause  some  consternation,  since  the  two  approaches  are  usually 
viewed  as  quite  distinct.  The  difference  in  fact  is  one  of  degree  (albeit  a  significant 
degree)  in  that  all  points  in  an  unstructured-method  are  irregular  whereas  only  a  two- 
dimensional  subset  of  mesh  points  is  irregular  in  multiblock.  The  unstructured-mesh 
approach  could  therefore  be  viewed  as  a  multiblock  scheme  (using  pointers)  with  only  one 
cell  in  each  block,  so  removing  all  points  interior  to  a  block,  which  in  turn  results  in 
there  being  no  regular  points. 

In  trying  to  break  down  some  of  the  conceptual  barriers  between  the  three  approaches, 
we  have  used  the  two  interpretations  of  multiblock  to  link  it  to  overlapping  and 
unstructured  schemes.  Why  then  should  multiblock  alone  have  two  interpretations?  The 
main  reason  is  that  the  two  possible  data  structures  at  block  boundaries  (which  led  to  the 
two  interpretations)  are  equally  viable  alternatives  for  a  multiblock  scheme  where  the 
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number  of  blocks  Is  small  compared  with  the  number  of  mesh  points.  If  the  number  of 
(regular)  interior  points  per  block  became  very  small  (resulting  in  many  more  blocks) , 
the  pointer  scheme  would  be  preferable  to  the  use  of  haloes.  This  explains  why  for  the 
unstructured  mesh  approach  (with  no  interior  regular  points)  a  pointer  scheme  is  employed 
and  in  consequence  why  it  is  considered  as  a  single  irregular  mesh.  It  would,  of  course, 
be  possible  in  principle  to  adopt  a  halo  scheme  for  the  unstructured-mesh  approach  there¬ 
by  considering  it  to  be  a  set  of  overlapping  meshes.  However  this  would  be  most  inef¬ 
ficient  since  the  number  of  meshes  would  equal  the  number  of  points! 

Finally  then,  what  are  the  prospects  for  an  alternative  interpretation  of 
overlapping-mesh  methods.  Here  of  course  mesh  overlap  is  necessary  in  order  to  cover  the 
whole  of  space  because  of  the  discontinuity  in  position  and  orientation  between  meshes. 

We  do  not  have  to  construct  haloes  since  they  already  exist  (implicitly)  via  the  overlap, 
and  so  our  interpretation  given  earlier  (several  regular  meshes)  is  natural.  In  order  to 
apply  the  alternative  interpretation,  we  would  have  to  generate  a  set  of  irregular  points 
(to  replace  the  overlap  region)  which  link  the  neighbouring  regular  meshes,  thereby 
creating  one  irregular  mesh.  This  (irregular)  interpretation  of  overlapping  meshes 
appears  quite  plausible.  Tit  should  be  noted  however  that  it  gives  rise  to  a  mesh  that 
is  actually  different  from  that  obtained  with  the  conventional  interpretation.  This  con¬ 
trasts  with  the  position  for  multiblock  where  the  two  interpretations  are  purely  concep¬ 
tual.)  The  alternative  (irregular)  approach  for  overlapping  meshes  has  indeed  been 
adopted,  but  only  (as  far  as  the  authors  are  aware)  by  treating  all  field  points  as 
irregular-^,  so  ignoring  the  regularity  of  the  majority  of  the  points. 

It  appears  that  the  argument  has  gone  full  circle.  The  conclusion  of  our  concili¬ 
atory  view  of  the  three  types  of  mesh-generation  scheme  appears  to  be  that  they  are 
indeed  similar  if  one  chooses  to  interpret  them  as  such.  The  interpretations  more  com¬ 
monly  adopted  seem  to  accentuate  differences. 


This  brief  review  has  avoided  a  discussion  of  the  merits  of  the  various  approaches 
to  mesh-generation.  This  omission  is  deliberate,  for  such  a  discussion  would  have  to  be 
based  upon  many  detailed  aspects  of  the  actual  methods  under  development  by  CFD  research 
groups.  Some  of  the  issues  that  would  have  to  be  addressed  in  such  a  discussion  are 
given  below: 


(a)  What  are  the  factors  affecting  mesh  quality  -  cell  skewness,  mesh  expansion 
ratio,  cell  aspect  ratio,  mesh  smoothness,  appropriate  mesh  density  for  flow 
gradients  -  are  there  more? 

(b)  In  multiblock  methods  with  a  high  level  of  continuity  at  block  boundaries,  how 
do  the  constraints  on  the  mesh  impact  on  mesh  quality;  is  such  a  level  of 
continuity  necessary? 

(c)  How  good  is  the  control  of  cell  'aspect  ratio1  in  unstructured-mesh  methods; 
how  suitable  are  they  for  dealing  with  regions  of  strong  directionality? 

(d)  In  overlapping-mesh  methods,  how  much  accuracy  is  lost  through  interpolation; 
how  complex  is  the  program  bookkeeping? 


(e)  How  easily  can  each  method  be  extended  to  include  solution  adaption? 


(f) 


How  much  manual  intervantion  is  needed  to  qet  the  required  mesh  quality;  how 
expert  does  the  user  have  to  be? 


It  is  beyond  the  scope  of  this  paper  to  answer  these  questions.  However  some  of  the 
issues  raised  in  this  section  should  assist  the  reader  in  understanding  the  philosophy 
and  strategy  behind  the  FAME  method  reported  here. 


3  FEATURE-ASSOCIATED  MESH  EMBEDDING 

2 

The  long-term  aim  of  this  work  is  to  unify  the  treatment  of  geometric  and  flow 
features  through  a  flexible  approach  to  mesh-generation,  although  in  its  current  state  of 
development  only  geometric  features  are  treated.  The  corner-stone  of  the  method  is  a 
classification  of  features  according  to  the  number  of  directional  constraints  to  which 
they  are  subject.  The  strategy  for  generating  high-quality  meshes  is  then  built  upon 
four  key  ideas.  Firstly,  in  order  to  minimise  constraints  upon  meshes,  many  meshes  are 
employed,  with  one  mesh  associated  with  each  feature.  Secondly,  the  spatial  extent  of 
each  feature-associated  mesh  is  limited  to  the  neighbourhood  of  the  feature  itself. 
Thirdly,  a  main  (or  background)  mesh  underlies  all  other  meshes  and  covers  the  whole  field 
of  interest;  it  is  not  aligned  to  any  of  the  geometric  surfaces.  Finally,  comparability 
of  mesh  densities  where  overlap  occurs  (namely,  where  flow  data  is  interpolated  between 
meshes)  is  achieved  primarily  through  the  use  of  multi-level  embedding  on  the  main  mesh. 


We  consider  four  types  of  feature;  these  are  classifl'  d  according  to  the  number,  N  , 
of  directional  constraints  associated  with  the  feature  and  are  denoted  as  being  of  type  N, 
N  =  0,  1,  2,  3.  Features  of  type  1  are  associated  with  surfaces,  those  of  type  2  with 
lines  and  those  of  type  3  with  points.  Type-0  features  have  no  directional  constraints 
associated  with  them.  It  is  asserted  that  each  feature  merits  its  own  mesh  having  a  top¬ 
ology  that  is  appropriate  to  the  feature.  We  refer  to  meshes  that  are  associated  with 
features  of  type  N  as  being  type-N  meshes.  Each  of  these  types  is  now  discussed  in  a 
little  more  detail  starting  with  type  1. 
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Features  such  as  body  geometry,  shock  waves  and  vortex  sheets  in  inviscid  flow  are 
associated  with  surfaces  in  space;  others,  such  as  shear  layers  in  high  Reynolds-number 
flow  are  associated  with  thin  regions  adjacent  to  surfaces  (which  may  be  solid  surfaces 
or  surfaces  within  the  fluid) .  All  such  features  are  characterised  by  the  direction  of 
the  normal  to  the  associated  surface  and  accordingly  these  are  denoted  as  being  of  type  1. 
Each  type-1  feature  merits  its  own  mesh  which  should  be  orientated  according  to  the 
orientation  of  the  associated  surface.  Where,  for  example,  the  surface  is  a  solid  bound¬ 
ary,  this  simplifies  the  task  of  satisfying  the  solid-surface  boundary  conditions.  Each 
type-1  mesh  could  thereby  be  constructed  with  two  coordinate  directions  in  the  surface 
and  one  normal  to  it.  The  distribution  of  mesh  points  within  each  mesh  of  type-1  is  not 
a  major  consideration  here;  it  could  be  prescribed  by  any  of  the  methods  currently  used 
for  conventional  meshes  or  it  could  be  subject  to  solution  adaption.  The  novel  aspect  of 
the  present  approach  concerns  the  spatial  extent  of  each  type-1  mesh  in  the  direction 
normal  to  the  associated  surface.  The  only  requirement  is  that  the  feature  is  entirely 
covered  by  the  mesh.  In  inviscid  flows,  all  type-1  features  are  simply  surfaces  and  so 
unless  there  are  good  reasons  for  doing  otherwise,  meshes  of  type-1  need  only  extend  as 
many  intervals  away  from  the  surface  as  is  necessary  to  define  the  f loV-algorithm  stencil, 
as  sketched  in  Fig  2  for  an  extent  of  two  mesh  intervals. 

For  features  such  as  thin  shear  layers,  the  need  to  resolve  very  high  flow  gradients 
normal  to  the  associated  surface  will  require  us  to  use  a  mesh  with  many  small  intervals 
normal  to  the  surface.  Nevertheless,  the  extent  in  physical  space  again  need  only  cover 
the  feature,  see  Fig  3. 

We  define  features  of  type-2  to  be  those  associated  with  lines,  examples  of  which 
may  be  the  line  of  intersection  of  two  surfaces  or  a  line  across  which  the  surface  normal 
is  discontinuous.  (Whilst  we  may  sometimes  view  these  as  distinct  in  aerodynamic  terms, 
geometrically  they  are  one  and  the  same.)  Whereas  features  of  type-1  are  associated  with 
a  single  surface  and  characterised  by  the  surface  normal,  features  of  type-2  are  associ¬ 
ated  with  two  surfaces  and  are  characterised  by  the  normals  to  each  surface  at  their  line 
of  intersection.  We  refer  to  type-2  features  as  edge  lines  (or  edges)  and  consider  this 
term  to  embrace  all  lines  of  intersection  of  two  surfaces  irrespective  of  their  sense 
(either  'convex'  like  a  wing  trailing  edge  or  'concave'  like  a  typical  wing-fuselage 
junction  line) .  The  two  surfaces  concerned  may  be  associated  with  any  geometric  or  flow 
features  of  type-1.  We  assert  here  that  each  feature  of  type-2  merits  its  own  feature- 
associated  mesh.  Such  meshes  are  necessary  because  each  type-1  mesh  is  designed  to  cope 
with  only  a  single  surface  (one  directional  constraint) .  Therefore,  close  to  an  edge 
line  where  two  surfaces  intersect  (two  directional  constraints) ,  neither  of  the  type-1 
meshes  associated  with  each  surface  will  be  suitable.  Type-2  meshes,  however,  are  des¬ 
igned  specifically  for  edge  lines.  In  conventional  mesh-generation  schemes,  edges  are 
treated  in  a  variety  of  different  ways  according  to  the  sign  and  magnitude  of  the  discon¬ 
tinuity  in  the  normal.  We  may  view  these  treatments  two-dimensionally  by  considering 
planes  normal  to  edge  lines  and  by  characterising  the  edge  by  an  angle  9  , 

—  t  <  e  <  it  ,  which  measures  the  discontinuity  in  the  surface  normal,  with  9  taking  posi¬ 
tive  values  for  edges  of  convex  type  and  negative  for  those  of  concave  type.  If  we  denote 
by  c  a  positive  angle  that  is  small  compared  with  n  ,  we  may  identify  three  different 
edge-line  topologies  in  common  use  as  shown  in  Fig  4  for  | 9 |  <  e  ,  | e ± ti /2 1  <  e  and 
I  9 ± it  |  <  c  respectively.  Whilst  these  topologies  are  perfectly  adequate  for  the  geo¬ 
metries  concerned,  their  use  presents  difficulties  where  9  varies  significantly  along 
the  edge  as  for  example  in  the  case  of  a  wing-fuselage  junction  where  topologies  (a)  and 
(b)  may  occur  along  the  junction  line.  Here  we  propose  that  each  type-2  feature  irres¬ 
pective  of  the  sign  and  magnitude  of  9  should  have  its  own  local  mesh  of  0-H  topology 
which  takes  the  form  of  a  cylindrical-polar-type  mesh  with  its  axis  running  along  the 
edge  line.  As  with  meshes  of  type-1,  type-2  meshes  need  extend  only  a  limited  distance 
into  the  field.  Proposed  meshes  of  types  1  and  2  are  sketched  for  a  wing  trailing  edge 
(in  two  dimensions)  in  Fig  5. 

We  define  features  of  type-3  to  be  those  associated  with  points,  an  example  of  which 
is  the  point  of  intersection  of  three  surfaces,  such  as  the  wing  upper  surface,  the  wing 
lower  surface  and  the  fuselage  surface  where  the  wing  has  a  sharp  trailing  edge.  Type-3 
features  may  also  exist  at  isolated  points  on  an  otherwise  smooth  surface  (at  for  example 
the  nose  of  a  pointed  body  of  revolution).  As  with  types  1  and  2,  type-3  features  merit 
their  own  feature-associated  mesh.  The  topology  of  type-3  meshes,  being  appropriate  to  a 
point,  should  have  0-0  structure  and  so  take  the  form  of  a  spherical-polar-type  mesh 
with  the  origin  of  the  mesh  at  the  point  concerned.  The  radial  extent  of  each  type-3 
mesh  can  (as  with  the  other  meshes)  be  limited  to  the  extent  of  the  feature,  which  in  the 
case  of  inviscid  flow  merely  needs  to  be  sufficient  to  allow  the  definition  of  the  flow 
algorithm  stencil. 

Regions  of  the  flow  lying  away  from  solid  surfaces,  shear  layers  and  shock  waves  are 
comprised  of  features  of  type  0.  Such  regions  could  alternatively  be  termed  'feature¬ 
less'  and  indeed,  since  we  classify  features  according  to  the  number  of  directional  con¬ 
straints  associated  with  them,  this  term  is  not  inappropriate.  However  the  numerical 
treatment  employed  for  type-0  features  is  crucial  to  the  accuracy  of  the  flow  calculation 
because  these  features  may  include  regions  of  high  (but  not  directionally  dominated)  flow 
gradient.  Since  type-0  features  do  not  have  directional  constraints  associated  with  them, 
type-0  meshes  can  simply  be  of  rectangular-Cartesian  type.  Further,  the  absence  of  any 
strong  directionality  in  flow  gradients  means  that  all  mesh  cells  may  be  taken  as  cubes. 

A  patch  of  mesh  consisting  of  identically-sized  cubes  constitutes  a  type-0  mesh.  Vari¬ 
ation  of  the  size  of  these  cells  across  the  field  is  achieved  through  mesh  embedding  by  a 
factor  of  two  in  all  coordinate  directions  so  ensuring  that  all  cells  remain  as  cubes,  as 
sketched  in  Fig  6  for  two  dimensions.  A  type-0  mesh  of  given  fineness  will,  therefore, 
be  embedded  within  a  coarser  type-0  mesh.  The  set  of  all  type-0  meshes  covers  the  whole 


field  of  interest,  including  regions  interior  to  solid  components,  and  is  considered  to 
constitute  the  main  (or  background)  mesh.  This  main  mesh  is  synthesized  starting  with 
the  coarsest  type-0  mesh  and  proceeding  to  finer  type-0  meshes  through  an  automatic 
embedding  algorithm^  that  may  be  driven  by  a  variety  of  mechanisms.  The  only  mechanism 
employed  so  far  in  the  present  work  is  that  arising  from  the  requirement  that,  where 
meshes  overlap,  their  densities  should  be  comparable.  Thus  for  a  smooth  body,  for  which 
we  have  just  one  type-1  mesh,  the  embedding  algorithm  generates  type-0  meshes  of  succes¬ 
sively  higher  density  in  the  region  of  overlap  with  the  type-1  mesh  until  the  densities 
are  comparable  to  within  a  factor  of  two  as  shown  in  Fig  7.  (The  embedding  algorithm 
could  alternatively  be  driven  by  the  magnitude  of  local  flow  gradients,  thus  providing 
solution  adaption,  and  it  is  intended  to  investigate  this  mechanism  in  the  next  phase  of 
the  work.)  In  order  to  rationalize  the  main-mesh  data  structure,  each  type-0  mesh  is 
itself  synthesized  from  a  set  of  computationally-identical  sub-mesh  units  called  blocks. 
Each  block  is  a  cube  consisting  of  n’  mesh  cells,  where  n  is  usually  taken  to  be  4, 

6  or  8 . 

In  section  2  it  was  noted  that  FAME  is  best  viewed  as  being  an  overlying  mesh 
method  rather  than  an  overlapping  one.  The  reason  for  this  is  central  to  the  philosophy 
of  the  method.  The  coarsest  type-0  mesh  covers  the  whole  field  and,  as  far  as  data 
structure  is  concerned,  it  does  not  have  a  'hole'  cut  in  it  where  a  finer  type-0  mesh 
is  embedded  within  it.  It  underlies  all  finer  type-0  meshes.  Thus  each  type-0  mesh  may 
be  considered  to  overlie  all  coarser  type-0  meshes.  This  data  structure  was  considered 
to  be  relatively  simple  to  construct  and  it  is  immediately  amenable  to  the  implementation 
of  a  main-mesh  multigrid  scheme.  A  hierarchy  of  type-0  meshes  therefore  exists  with  the 
coarsest  mesh  at  the  bottom  and  the  finest  at  the  top.  Relative  position  within  this 
hierarchy  determines  which  mesh  takes  precedence  and  in  consequence  the  order  in  which 
computed  flow  data  on  one  mesh  replaces  those  from  another.  Meshes  of  type-1,  having 
been  constructed  as  appropriate  to  the  regions  occupied  by  type-1  features,  overlie  the 
main  mesh;  they  are  located  above  type-0  meshes  in  the  hierarchy  and  flow  data  computed 
on  them  replaces  those  from  the  main  mesh.  In  turn,  meshes  of  type-2  overlie  those  of 
type-1  (and  in  consequence  all  those  of  type-0) ,  and  are  located  further  up  the  hierarchy 
than  those  of  type-1.  Flow  data  computed  on  type-2  meshes  replaces  those  computed  oi,  all 
meshes  lower  down  the  hierarchy.  Finally,  type-3  meshes  head  the  hierarchy. 

It  should  be  noted  that,  in  the  context  of  this  method,  the  statements  'mesh  A 
overlies  mesh  B'  and  'mesh  A  is  embedded  within  mesh  B'are  considered  to  be  equivalent. 

The  manner  in  which  flow  data  is  transferred  (using  linear  interpolation)  from  one  mesh 
to  another  is  the  same  whether  the  transfer  is  between  two  meshes  of  type-0  or  between 
those  of  types  1,  2  or  3  and  those  of  type  0;  it  differs  only  in  detail.  For  the  former 
data  transfer,  the  interpolation  is  simple  because  all  type-0  meshes  have  the  same 
orientation,  whereas  for  the  latter  general  three-dimensional  interpolation  is  necessary. 

Finally,  we  can  now  classify  FAME  according  to  the  discussion  of  section  2.  All 
meshes  of  types  1,  2  and  3  are  regular  overlying  meshes  by  construction.  Whilst  the  main 
mesh  with  its  multilevel  embedding  appears  irregular,  the  data  struct). re  that  we  adopt 
ensures  that  this  is  not  so.  Our  smallest  mesh  unit,  from  which  the  type-0  meshes  are 
synthesized,  is  a  cube-shaped  block.  There  are  a  large  number  of  these  and  they  are  com¬ 
putationally  identical  irrespective  of  their  size  in  physical  space.  We  treat  each  block 
as  a  regular  mesh  by  expanding  its  data  array  to  form  a  halo.  (The  computational  iden¬ 
tity  of  these  blocks  enables  us  to  take  as  the  'vector  length'  the  (large)  number  of 
blocks  rather  than  the  (small)  number  of  points  in  any  coordinate  direction.)  Accord¬ 
ingly,  the  main  mesh  is  considered  to  be  a  set  of  regular  (and  indeed  uniform)  overlying 
meshes . 

4  DEVELOPMENT  STAGES  OF  FAME  AND  CURRENT  RESULTS 

The  authors'  search  for  a  new  mesh  generation  strategy  for  complex  configurations 
and  flows  began  in  1985.  By  the  following  year,  a  pilot  method4  in  two  dimensions  had 
been  developed  which  employed  a  main  mesh,  with  a  rudimentary  form  of  embedding,  toqether 
with  a  surface-orientated  overlying  mesh  constructed  by  dropping  normals  to  the  surface 
from  certain  main-mesh  points.  This  study  served  to  indicate  how  not  to  approach  the 
problem,  and  as  a  result  the  present  strategy  began  to  take  shape  towards  the  end  of  1986. 
A  two-dimensional  code,  consisting  of  mesh  generator  and  Euler  flow  solver,  was  developed 
and  tested  by  early  1987.  The  main  and  surface-aligned  meshes  generated  by  this  code  for 
a  three-element  aerofoil  are  shown  in  Fig  8.  A  close-up  of  the  region  covered  by  the 
slat  and  leading  edge  of  the  main  aerofoil  is  shown  in  Fig  9.  Meshes  for  the  case  of  two 
NACA  0012  aerofoils  of  different  sizes,  one  above  the  other,  are  shown  for  vertical  seD- 
arations  of  0.25  and  0.5  (upper  aerofoil  chord  =  1.0)  in  Figs  10  and  11  respectively. 

This  configuration  has  been  used  as  a  test  case  in  two  dimensions  for  mesh  generation 
aspects  of  store  release.  All  the  meshes  shown  in  Figs  7  to  1 1  were  generated  automatic¬ 
ally  from  given  point  distributions  on  the  component  surfaces  and  from  three  simple  con¬ 
trol  parameters;  no  user  expertise  was  needed. 

Surfaces  in  three  dimensions  become  lines  in  two  dimensions,  edge  lines  become 
points,  and  so  only  features  of  types  1  and  2  exist  in  two  dimensions.  In  two  respects, 
the  treatment  of  surface-aligned  meshes  in  the  two-dimensional  version  of  FAME  lacks  the 
full  generality  intended  for  the  three-dimensional  work.  Firstly,  a  surface-aligned 
C-mesh  was  used  for  each  aerofoil  so  that  the  aerofoil  surface  (type-1)  and  the  trailing 
edge  (type-2)  were  accommodated  by  a  single  mesh.  This  runs  counter  to  the  general 
strategy  given  in  section  3  since  one  mesh  (the  C-mesh)  deals  with  two  features. 

Secondly,  the  extent  of  each  C-mesh  normal  to  the  aerofoil  surface  was  limited  to  just 
one  mesh  interval.  Whilst  this  had  little  impact  upon  the  mesh-generation  scheme,  it 
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limited  the  flow  algorithm  stencil  to  just  two  points  normal  to  the  surface,  so  prevent¬ 
ing  full  second-order  accuracy  from  being  achieved.  Despite  the  use  of  a  C-mesh  and  the 
partial  second-order  accuracy,  results  from  the  two-dimensional  code  showed  that  the 
strategy  and  methodology  of  FAME  was  very  promising  in  that  high  quality  meshes  for  multi¬ 
element  aerofoils  could  be  generated  automatically. 

Work  on  the  development  of  FAME  in  three  dimensions  began  later  in  1987,  and  is  still  con¬ 
tinuing.  For  this  development,  the  principle  of  ’one  mesh  for  one  feature'  is  being 
strictly  adhered  to.  This  means,  however,  that  type-2  meshes  are  required  in  order  to 
treat  a  configuration  as  simple  as  an  isolated  wing  with  a  sharp  trailing  edge.  At  the 
present  time,  the  mesh-generation  code  and  an  Euler  flow  solver  have  been  developed  and 
tested  only  for  meshes  of  types  0  and  1,  so  that  we  are  currently  restricted  to  smooth,  non¬ 
intersecting  bodies,  but  there  may  be  any  number  of  these.  The  incorporation  of  type-2 
meshes  into  the  mesh-generation  and  flow  codes  is  currently  in  progress.  The  flexibility 
afforded  by  FAME  has  enabled  us  to  treat  the  far-field  boundary  of  the  computing  region 
as  a  type-1  feature  and  accordingly  we  give  it  its  own  type-1  mesh.  This  has  the  advan¬ 
tage  that  the  position  and  shape  of  the  far-field  boundary  can,  where  necessary,  be 
changed  whilst  leaving  the  near-to-mid-field  meshes  unaltered.  Further,  various  forms  of 
far-field  boundary-condition  treatments  can  be  investigated  on  a  purpose-built,  boundary- 
aligned  mesh  quite  independently  of  the  rest  of  the  solution  algorithm.  Type-1  meshes  are 
constructed  without  the  limitation  on  field  penetration  present  in  two  dimensions  in  that 
they  may  extend  more  than  one  mesh  interval  away  from  the  body  surface.  For  flow  calcula¬ 
tions  using  Euler  solvers,  the  number  of  intervals  normal  to  the  body  surface  is  usually 
taken  to  be  two,  so  permitting  use  of  a  stencil  with  three  points  in  the  normal  direction 
and  in  consequence  allowing  for  full  second-order  accuracy.  Navier-Stokes  flow  solvers 
can  be  implemented  on  type-1  meshes  since  these  meshes  can  now  extend  many  intervals  nor¬ 
mal  to  the  surface  and  may  be  constructed  with  very  high  aspect-ratio  cells  close  to  the 
surface . 

The  Euler  method  employed  on  all  meshes  uses  a  first-order  upwind  finite-difference 
algorithm5  which  is  made  second-order  accurate  through  use  of  a  deferred-correction 
scheme4.  It  is  ideally  suited  to  use  within  the  complex  embedded  structure  of  FAME  since 
it  has  a  compact,  seven-point  symmetric  stencil  in  three  dimensions.  This  Euler  algorithm 
(but  limited  to  partial  second-order  accuracy  as  mentioned  earlier)  was  used  as  the  flow- 
solution  method  in  the  two-dimensional  version  of  FAME.  Results  of  Euler  flow  calcula¬ 
tions  for  the  three-element  aerofoil  of  Figs  8  and  9  have  been  reported  elsewhere2. 

Development  and  testing  in  three  dimensions  of  the  flow  algorithm  and  of  the  mesh- 
generation  scheme  have  been  taking  place  in  parallel.  Both  methods  contain  many  new 
aspects  that  have  needed  careful  evaluation  and  checking.  In  consequence,  we  have  con¬ 
centrated  on  simple  ellipsoidal  shapes  and  indeed  much  of  the  testing  has  been  carried 
out  for  flow  past  a  sphere.  Since,  however,  the  main  mesh  in  FAME  is  not  aligned  to  the 
configuration  surface,  the  full  generality  of  embedded  block  structure  and  of  three- 
dimensional  interpolation  is  necessary  for  a  body  as  simple  as  a  sphere.  Type-1  meshes 
(around  the  sphere  and  the  far-field  boundary)  are  of  spherical-polar  type.  The  finite- 
difference  Euler  algorithm4'5  on  these  meshes  has,  however,  been  formulated  to  allow  for 
general  three-dimensional,  non-orthogonal  meshes.  Visualization  of  the  field  meshes  in 
three  dimensions  presents  difficulties  because  of  the  embedded  structure  of  the  main 
mesh.  However,  inspection  of  field  meshes  for  quality  is  far  less  necessary  in  FAME  than 
in  most  other  methods  since  the  scope  for  generating  meshes  of  poor  quality  (in  respect 
of  stretching  and  skewness)  is  very  limited.  Type-1  meshes  are  by  construction  nearly 
orthogonal  with  direct  control  over  mesh  stretching.  Type-0  meshes  are  orthogonal  and 
locally  uniform  with  strict  ’ f actor-of-two ’  subdivision  between  embedded  levels.  This  is 
checked  automatically  by  the  embedding  algorithm  itself  within  the  mesh-generation  code. 

Mesh  visualization  in  certain  two-dimensional  sections  through  the  field  is,  how¬ 
ever,  straightforward,  if  rather  unspectacular  for  a  configuration  as  simple  as  a  sphere. 
An  example  is  shown  in  Fig  12.  Fig  13  summarises  results  of  flow  calculations  for  the 
sphere  at  a  Mach  number  of  0.4  using  various  versions  of  the  Euler  algorithms4 < 5 .  These 
results  are  presented  in  the  form  of  a  plot  of  peak  suction  on  the  sphere  surface  against 
1/n2  ,  where  there  are  2n  surface  mesh  intervals  in  each  meridian  plane;  values  of  n 
of  24,  32,  48  and  64  are  used.  Curves  are  shown  for  results  using  the  first-order  upwind 
algorithm5,  the  deferred-correction  second-order  accurate  scheme4  and  the  partially 
second-order  accurate  scheme  that  was  used  in  the  two-dimensional  method.  The  deferred- 
correction  scheme  is  clearly  shown  to  have  second-order  behaviour  with  increase  in  mesh 
fineness  since  the  curve  through  the  four  points  is  virtually  a  straight  line. 

Meshes  have  been  generated  for  an  idealized,  two-component,  wing-store  configuration 
where  each  component  is  modelled  as  an  ellipsoid.  The  wing  has  a  root  chord  of  unity,  a 
span  of  4.0  and  a  thickness  of  0.2.  Its  surface  is  defined  by  the  ellipsoid 


The  store  has  a  circular  cross  section  of  radius  0.05  and  a  fineness  ratio  of  6:1.  The 
surface  of  the  store  is  defined  by  the  ellipsoid 
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so  that  it  is  located  underneath  the  starboard  wing  at  mid-semi  span.  Fig  14  shows 
type-0  and  type-1  meshes  in  the  plane  x  =  0  .  A  close-up  of  the  meshes  in  the  same 

plane  in  the  vicinity  of  the  store  is  shown  in  Fig  15.  The  overl  p  between  the  two 

type-1  meshes  presents  no  problems,  since,  at  its  outer  edge,  each  mesh  exchanges  flow 
dat  with  the  main  mesh.  Finally,  Fig  16  shows  the  meshes  in  the  'wing  plane',  2=0 
for  the  starboard  wing.  Due  to  current  memory  and  cpu  limitations,  flow  calculations 
have  not  as  yet  been  run  for  this  configuration. 

5  CONCLUDING  REMARKS 

Feature-associated  mesh  embedding  should  develop  into  a  freAiule  method  for  gener¬ 
ating  high-quality  meshes  for  complex  aircraft  configurations.  Development  and  testing 
of  the  mesh-generation  and  flow  codes  is  a  slow  and  painstaking  process,  because  maximum 
generality  is  being  built  in  at  all  stages.  However,  when  the  full  package  is  comolete, 

configuration  components  may  be  modified,  added  or  removed  without  the  need  for  global 

changes  of  mesh  topology.  The  approach  may  be  particularly  useful  for  configurations 
having  components  in  relative  motion,  such  as  those  associated  with  store  release. 
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SUMMARY 

The  main  features  of  some  specialized  batch  modules  which  have  been  developed  recently  to  meet  the  requirements  of  a  grid 
generation  for  complex  configurations,  are  described  in  brief  One  module  is  a  combination  of  an  algebraic  grid  generator  for  the  deter¬ 
mination  of  a  surface  grid  and  the  far  field  boundary,  and  an  hyperbolic  grid  generator  for  the  sectionwise  calculation  of  the  corresponding 
orthogonal  internal  grid  lines.  Two  other  modules  are  concentrated  on  solution  adaptive  grids  -  either  using  algebraic  redistribution  pro¬ 
portional  to  the  curvature  of  a  typical  flow  filed  describing  function  or  by  solving  elliptical  partial  differential  equations  resulting  from  the 
transformation  of  the  Poisson  equation  from  the  physical  space  into  the  computational  space  Adaption  of  the  grid  to  pressure  gradients 
and  to  the  total  pressure  loss  is  done  by  replacing  the  source  terms 

The  first  part  of  the  paper  however  is  the  description  of  the  graphic-interactive  program-system  INGRID,  which  already  comprises  several 
standard  techniques  to  generate  composite  volume  grids  around  arbitrary  complex  configurations,  and  which  has  the  potential  to  become 
an  integrated  system  to  match  the  demands  for  a  general  productive  mesh  generation  method 

As  application  examples  several  grids  are  shown  illustrating  actual  problems  of  external  aircraft  aerodynamics  ground-vehicle  aero¬ 
dynamics  and  of  internal  pipe  flow 


1.  INTRODUCTION 

Within  the  last  years  the  pretensions  concerning  the  productivity  of  procedures  for  the  numerical  simulation  of  flow  processes  raised 
more  and  more  A  high  accuracy  of  the  results  is  expected,  the  processed  configurations  should  correspond  to  the  real  geometries  with 
idealizations  as  small  as  possible  Especially  the  use  of  methods  based  on  the  Navier-Stokes's  equations  require  a  high  resolution  of 
details  within  the  discretization  of  the  computing  model 

Besides  those  facts  the  operational  area  of  the  procedures  is  widened  permanently  There  is  still  the  classical  problem  of  the  sim¬ 
ulation  of  flows  around  aircrafts,  but  investigations  of  the  flow  behaviour  at  road  vehicles  and  vessels  are  accomplished  as  well  Also  the 
industrially  very  interesting  field  of  internal  flows  i.e  flow  through  machine  parts,  tube  branches  pipe  systems  or  power  plants  is  accessed 
more  and  more  by  numerical  investigations 

This  development  is  supported  by  increasing  computer  capacities  and  performances  The  average  number  of  computing  points  for 
one  investigation  could  be  increased  clearly  -  however  the  resulting  computing  times  remained  further  acceptable  As  a  resume  it  can 
be  said,  that  the  computational  simulation  of  flow  processes  of  all  kinds  has  taken  an  essential  role  within  industrial  research  and  devel¬ 
opment 

However,  there  is  one  non-negligible  subtask  which  is  still  solved  unsatisfactory  up  to  now  It  is  the  geometry  processing  and  the 
grid  generation  which  becomes  necessary  before  a  computational  analysis  Particularly  by  the  increased  abilities  of  the  simulation  pro¬ 
grams  the  weaknesses  of  the  so-called  preprocessing  has  become  obvious  Lacking  flexibility  concerning  changes  of  geometry  types  as 
well  as  the  awkward  handling  of  predominantly  batch  operating  grid  generators  causes  a  disproportionately  high  time  expenditure  An 
duumiaftce  of  more  or  less  user-friendly  grid  generators  with  different  degrees  of  automation  have  been  developed  they  also  work  still 
satisfactorily  in  practice,  but  only  as  long  as  no  substantial  changes  are  made  within  the  task  At  the  latest  then  indeed  the  input  and  the 
program  itseff  has  to  be  modified  Time  consuming  reprogramming  and  testing  become  necessary  Additionally  to  this  modifications  the 
conventional  approach  of  batch  programs  in  combination  with  plot  procedures  does  no  longer  represent  the  state  of  the  art  anyway  De¬ 
finition  of  parameters  generation  of  grids  their  visualization  and  their  inspection  are  single  steps  within  this  approach  only  their  iterative 
application  to  a  problem  can  lead  to  a  finally  acceptable  computing  model  With  respect  to  a  fast  reliable  and  highly  flexible  mesh  gen¬ 
eration  process  the  necessity  of  an  integrated  system  comprising  some  proved  modules  but  offering  also  the  advantages  of  the  interactive 
technique  is  obvious 

A  first  success  in  this  direction  arose  with  the  establishment  of  the  program  package  INGRID  ONteractive  GRIDgeneration  system i 
tor  the  generation  of  blockstructured  volume  grids  During  its  application  in  combination  with  an  (arbitrary*  commercial  CAD-Svstem  there 
are  no  restrictions  with  resp.  to  the  geometry  to  be  processed  Grids  for  internal  and  external  flows  for  Euler-  and  Navier-Stokes- 
simulations  therewith  can  be  be  generated  visualized  controlled  and  modified  within  shortest  times  During  construction  of  the  program 
system  some  already  proven  batch  modules  have  been  used  However,  as  the  system  is  still  open  with  respect  to  the  coupling  of  further 
routines  also  the  two  methods  which  are  still  under  development  and  which  are  presented  at  the  end  of  this  report  could  be  connected 
to  the  interactive  operation  mode 

The  system  INGRID  at  the  present  time  is  allready  a  tool  to  be  used  productively  for  the  generation  of  blockstructured  grids  for  field 
methods  Long  term  aim  is  the  completion  to  a  flexible  and  versatile  supplementary  aid,  which  integrates  the  diverse  common  procedures 
for  the  necessary  preprocessing  to  only  one  interactive  and  user-friendly  package  The  modules  described  in  chapters  3  and  4  up  to  now 
a-e  still  batch  operated  -  but  within  the  near  future  they  should  also  become  integrated  into  the  interactive  environment 

Indeed  all  of  the  presented  grid  examples  were  used  to  calculate  flow  solutions,  bul  meshes  generated  the  same  way  could  be  used 
also  for  the  predection  of  radar  backscatlenng  Either  surface  grids  according  the  concept  of  the  physical  optics  or  the  volume  grids  for 
the  solution  of  Maxwell  s  equations  (electrodynamics)  [1] 


2  THE  INTERACTIVE  APPROACH 

The  base  of  any  industrial  flow  simulation  is  either  a  projected  or  an  allready  existing  geometrical  shape  "Computer  Aided  Design" 
-systems  nowadays  are  installed  in  most  of  the  companies  where  geometrical  models  have  to  be  treated  with  respect  to  any  development 
and/or  manufacturing  Graphic  terminals  or  even  workstations  came  along  with  those  CAD-systems.  and  a  lot  of  engineers  became  fa¬ 
miliar  with  the  interactive  techniques  to  communicate  with  commercial  application  programs  via  messages  and  menus  Additional  software 
libraries  became  available  which  enabled  a  programmer  to  write  his  own  custom  tailored  application  interface,  where  specialized  algo¬ 
rithms  are  combined  with  the  ability  to  create  display  and  interact  with  graphics  data  Then  it  was  at  the  time  to  rearrange  the  traditional 
batch  onented  grid  generation  procedures  according  to  this  popular  working  method  The  advantages  are  obvious  within  a  dialog  and 
under  permanent  visual  control  step  by  step  (and  even  backwards)  a  basic  geometry  can  be  upgraded  to  a  final  network  Several  proven 
algorithms  are  available  and  can  be  selected  and  variations  can  be  tried  to  find  the  best  possible  solution  Generation  parameters  may 
be  modified  rapidly  to  study  the  mesh  behaviour  Routines  to  check  the  mesh  quality  can  be  used,  so  that  possible  mistakes  become  ob¬ 
vious  immediately  but  with  the  chance  to  be  corrected  without  delay  As  an  intelligent  workstation  is  used,  generation  algorithms  data 
administration  and  interaction  control  are  running  on  a  host-computer  while  visualization  and  transformation  are  downloaded  to  local 


processors,  thus  saving  computing  time  and  accelerating  the  process.  In  addition,  the  comprehensive  possibilities  of  3D-representation 
of  such  a  modern  workstation,  supplies  picture  sequences,  which  some  years  ago  were  only  possible  with  complex  trick  film  techniques 
The  overall  cycles  of  geometry  changes,  parameter  variations,  mesh  control  and  visualization,  formerly  taking  weeks  with  previous  meth¬ 
ods,  are  compressed  to  several  interactive  sessions  within  days.  This  technique  'allows  the  user  to  concentrate  on  the  geometry  of  the 
problem  rather  than  on  the  mechanics  of  the  processing  programs'  as  Eiseman  and  Erlebacher  [2]  remarked 


2.1  Preparation  of  the  Geometry 

The  entire  procedure  of  a  gridgeneration.  independently  of  the  supplementary  aids  with  which  it  is  accomplished,  can  be  divided  into 
two  sub-tasks  geometry-preparation  and  grid-generation  The  first  part  leads  to  a  configuration  description  by  means  of  suitable  ge¬ 
ometrical  elements  Since  for  pure  geometrical  tasks  several  interactive  program  systems  are  already  existing  and  available  within  the 
industry,  such  a  softwarepackage  and  an  appropriate  installation  can  be  used  The  starting  point  should  be  a  sufficiently  detailed  geometry 
model  of  the  desired  configuration  available  within  such  a  system  As  an  example  a  CADAM  wire  frame  model  of  the  coming  Domier  utility 
aircraft  Do  328  is  shown  in  fig ,1. 


Figure  I.  Some  sections  of  a  Do  328  CADAM  wireframe  model  description 

Using  the  standard  functionality  of  the  CAD-system,  the  shape  and  location  of  the  far-field  boundary  is  defined  and  the  block  de¬ 
composition  IS  carried  out  Fig  2  shows  the  far-field  and  the  overall  blockstructure  of  the  example  geometry 


Figure  2.  Far  field  boundary  and  possible  block  arrangement 
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The  representation  of  the  body  surface  is  to  be  subdivided  and  arranged  according  to  the  chosen  block-topology.  Fig.3  gives  a  more 
detailed  view  of  a  prepared  configuration 


Figure  3.  Do  328  -  prepared  surface  representation  and  some  blockboundaries 


The  result  of  the  first  step  within  the  CAD-system  and  a  subsequent  interface  program  is  a  datafile  containing  the  so  called  base 
geometry  This  is  a  collection  of  geometry  elements  -  more  exactly  points  and  point-sequences  -  giving  the  necessary  information  to 
provide  a  sufficient  description  of  the  overall  geometry  Sufficient  in  that  context  means  that  the  interpolation  procedure  based  on  a  cubic 
spline  formulation  and  used  during  grid  generation  should  be  able  to  meet  the  actual  geometry  shape  within  acceptable  tolerances 


2.2  Grid  generation  using  INGRID 

For  the  second  step  the  user  interface  application  program  INGRID  containing  the  descretizatmn  algorithms  is  activated  First  of  all 
from  the  displayed  base  geometry  the  elements  which  should  form  an  active  block  have  to  be  selected  The  uiuei  of  picking  edges  im¬ 
plicitly  assigns  the  counter  directions  I  J  and  K  Optionally  at  block  faces  additional  surface  lines  can  be  specified  -  this  is  necessary  es¬ 
pecially  for  all  block  sides  located  next  to  twice  curved  body  surfaces.  After  the  logical  connections  between  all  elements  of  one  block  are 
completed,  point  quantities  and  up  to  twelve  distribution  functions  can  be  specified  All  edge  elements  are  treated  one  after  the  other 
The  redistributed  nodes  are  visualized  immediately  and  can  be  withdrawn  if  the  result  is  not  satisfying  During  generation  for  the  very  first 
block  of  a  configuration  all  these  parameters  have  to  be  specified  by  the  user  -  respectively  selected  out  of  the  possibilities  offered  within 
pop-up  menus  While  treating  subsequent  blocks,  faces  of  neighbouring  and  allreadv  existing  meshes  might  be  called  on  to  the  screen 
and  counters  and  distribution  functions  can  be  transferred  -  ensuring  consistent  meshing  between  adjacent  blocks  When  the  node  dis¬ 
tribution  for  all  edges  is  complete  the  block  surface  grid  generation  is  executed  Finally,  after  specifying  the  desired  type  of  integer  plane 
the  volume  grid  generation  is  performed  for  the  active  block  and  results  are  shown  plane  by  plane 

While  executing  the  step  by  step  generation  for  edges  faces  and  internal  counter  planes  forming  the  volume-grid  at  each  time  the 
momentary  results  might  be  either  accepted  optionally  be  modified  or  withdrawn  Additional  routines  optionally  can  be  selected  for 
tracing  coordinates  and  integer  counters  for  local  and  global  grid  modifications  and  to  hunt  up  negative  volumes  After  the  active  block 
has  been  completed  the  base  geometry  is  recalled  and  the  procedure  restarts  with  the  selection  of  the  geometry  elements  for  the  next 
block  All  these  actions  have  to  be  repeated  until  all  blocks  of  a  complete  configuration  are  processed  Fig  4  shows  the  final  mesh  at  the 
aircrafts  body  surface 


Figure  4  Do  328  ■  final  mesh  distribution  at  the  surface 


2.3  Impiemented  Generation  Technique* 

The  basic  routines  of  the  program  system  INGRID  are  partly  common  algorithms,  proved  to  be  versatile  during  countless  applications 
within  batch  oriented  procedures,  and  partly  new  programmed  modules  which  were  tested  and  modified  within  interactive  sessions  The 
core  of  the  generation  part  is  a  procedure  for  point  redistribution  along  curves  in  space:  similar  procedures  are  in  industrial  use  to  produce 
the  necessary  data  for  NC-milling  Starting  with  a  number  of  base  points,  first  of  all  a  parameterized  cubic  spline  is  evaluated,  its  formu¬ 
lation  allowing  only  pure  interpolation  without  any  smoothing  After  that,  the  generation  of  intermediate  points  along  those  splines  is  done 
according  to  a  desired  one-dimensional  distribution  As  there  are  no  restrictions  in  this  method  any  imaginable  point  distribution  can  be 
achieved 


14-4 


The  application  of  this  procedure  to  block  edges  leads  to  the  desired  grid  points.  For  block  surfaces  the  same  procedure  is  applied 
along  all  given  surface-lines  and  at  least  with  two  sweeps  into  the  different  counting  directions.  In  the  case  of  complicated  boundaries  one 
ore  two  repetitions  might  become  necessary  until  the  changes  within  the  distribution  become  equal  to  zero  Finally  again  the  same 
respline  procedure  is  repeated  in  the  various  space  directions  until  the  volume  discretization  is  complete  But  as  block  faces  and  internal 
integer  planes  are  usually  bounded  by  three  or  four  edges,  where  in  a  general  case  each  might  have  its  own  distribution  function,  some 
blending  must  be  done  for  the  interior.  Taking  into  account  the  influences  of  the  distributions  at  the  boundary  curves  is  done  by  a  repetitive 
mapping  procedure 


Figure  5  Figure  6. 

Generation  of  grid  points  at  block  surfaces  Mapping  procedure  to  evaluate  internal  distribution  functions 

(2  sweeps) 

Consider  a  four-sided  physical  region  whose  sides  are  fl.  f2.  gl  and  g2  (fig. 6a).  ul.  u2  vl  and  v2  represent  the  normalized  parametric 
distribution  functions  of  the  four  sides  (fig  6b)  As  the  respline  procedure  needs  an  initial  solution,  for  the  first  sweep  (in  the  f-direction)  a 
linear  connection  between  opposite  boundaries  is  assumed  Its  direction  has  to  be  specified  interactively  to  pay  attention  to  the  actual 
shape'  The  calculation  of  the  line-intersection  within  the  parametric  space  (c)  leads  to  a  weighted  distribution  function  u.  which  can  be 
applied  to  respline  the  initial  solution  within  the  physical  space  (d)  For  the  second  sweep  (in  the  g-direction)  using  the  same  steps  the 
weighted  distribution  function  v  is  calculated  (g)  and  applied  in  the  transverse  direction  (h) 

The  procedure  of  node  redistribution  within  integer  planes  can  be  applied  repetitively  for  arbitrary  plane  types  (l.J.K  =  const)  The 
more  complex  the  block  shape  is.  the  larger  the  numoer  of  sweeps  will  be  necessary  to  achieve  a  satisfactory  solution 

The  method  of  Thompson  et  al  [3],  wherein  the  grid  is  derived  from  the  solution  of  a  set  of  inhomogeneous  Laplace  equations  is  also 
implemented  within  INGRID  and  can  be  used  op’  onally  to  do  mesh  modifications  During  applications  for  various  geometric  shapes  it 
turned  out  that  results  of  the  redistribution  method  could  be  achieved  faster  and  were  often  more  suitable  than  the  comparable  solutions 
of  the  differential  equation  method  Fig  7  gives  two  examples  with  different  boundary  shapes 


Figure  7.  Results  of  node  redistribution  fa)  and  differential  equation  method  '  b 

The  left  hand  side  shows  the  solution  of  the  redistribution  method  achieved  with  1  and  3  sweeps,  while  the  right  hand  side  shows  the  grid 
generated  by  solving  the  Laplace  equations  In  both  cases  the  interior  of  the  redistributed  mesh  is  oriented  much  closer  to  the  given  dis¬ 
tribution  at  the  boundary  curves  Without  the  necessity  to  adjust  control  functions,  as  required  if  the  Poisson  equation  system  is  used  the 
redistribution  method  immediately  results  in  a  smooth  mesh,  keeping  the  boundary  characteristics  proportional  throughout  the  whole  field 
An  additional  and  essential  advantage  of  the  method  is  its  ability  to  apply  it  directly  to  arbitrary  body  shapes  As  it  works  along  real 
3D-curves,  keeping  given  shapes  all  the  time,  this  simple  and  fast  method  represents  an  attractive  alternative  to  the  much  more  compli¬ 
cated  formulations  of  the  specified  surfaces  according  to  Thomas  [4]  or  the  Gaussian  surfaces  as  described  by  Warsi  [5] 


2.4  INGRID  Environment 

During  INGRID  applications  all  the  graphic  support  an  intelligent  workstation  being  able  to  give,  can  be  used  Local  real-time  ani¬ 
mation  of  the  wire-frame  representation  and  selective  *show/noshow*-procedures  of  grid  planes  enable  the  u:ftr  to  get  and  to  keep  con¬ 
tinuously  a  complete  overview  of  all  details  of  a  spatial  network  The  program  development  as  well  as  the  examples  presented  here  were 
carried  out  on  a  SPECTRAGRAPHICS  1500  workstation  connected  to  an  IBM  3090  host  computer  The  Dase  geometries  were  established 
by  means  of  the  commercial  software  packages  CADAM  and  CATIA  The  mesh  generator  with  the  user  interface  application  program  IN¬ 
GRID  uses  the  device-specific  soft-  and  firmware  called  PRISM  for  graphic  access. 


2.5  INGRID  Application  Examples 


Fig. 8a  indicates  the  block  architecture  of  a  local  O-mesh  imbedded  in  a  global  H-structure  for  a  wing  with  pylon  and  load  In  8b  the 
grid  on  the  surface  is  shown  as  well  as  within  the  plane  of  symmetry.  The  appropriate  computational  analysis  was  done  to  investigate  in¬ 
creases  of  the  drag  due  to  local  transonic  effects 


Figure  8.  luteal  O-mesh  imbedded  into  a  global  H-structure  for  wing  with  pylon  and  load 

Fig. 9  gives  a  glimpse  of  a  composite  grid  arrangement  for  Navier-Stokes  analysis  of  a  car  configuration  Blocks  with  very  high  resolution 
are  located  within  the  expected  boundary  layer  region  surrounded  by  a  global  H-structured  mesh 


Figure  9.  Composite  grid  for  Havier-Stokes  analysis  of  a  road  vehicle 


Fig  10  shows  an  internal  flow  problem  -  a  segment  bend  pierced  by  a  valve  lifter  (a)  gives  the  original  surface  model  and  (b)  the  base- 
geometry.  both  done  with  CATIA  Views  (c)  and  (d)  show  some  details  of  the  generated  grid  in  the  interior  and  on  the  surface  of  the  con¬ 
figuration 
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Figure  10.  Segment  bend  pierced  by  a  valve  lifter  -  geometry  model  and  generated  grid 
More  interactively  generated  examples  are  given  in  references  [6]  and  [7]. 


3.  COMBINED  ALGEBRAIC-HYPERBOLIC  GRID  GENERATION 

For  the  aerothermodynamic  flowfteld  analysis  of  reentry  vehicles  within  the  Mach  number  region  2  to  20  a  special  approach  has  been 
developed  At  the  present  time  this  procedure  is  still  batch  operated,  but  because  of  its  modular  structure  it  is  well  suitable  to  become 
integrated  soon  into  the  interactive  environment  of  INGRID 

The  process  features  the  steps  as  described  in  the  following  First  of  all  based  on  a  geometry  definition  a  surface  grid  is  determined 
by  the  application  of  an  algebraic  grid  generator.  A  sectionwise  point  distribution  is  generated,  where  the  grid  density  is  adjusted  ac¬ 
cording  to  the  local  curvature  of  the  geometry  Determination  of  the  farfield  shape  is  done  by  prescribing  a  lower  and  an  upper  angle  of 
inclination  within  the  plane  of  symmetry  Those  values  are  adapted  to  the  Mach  number  and  the  angle  of  attack  in  order  to  optimize  the 
grid  without  wasting  points  in  regions  of  low  interest  The  cross  section  shape  of  the  farfield  is  that  of  a  general  ellipse,  where  the  ratio 
of  the  main  to  the  sub-diagonal  also  depends  upon  the  freestream  conditions  After  predefinition  of  such  a  farfield,  it  is  treated  with  the 
same  algebraic  grid  generation  process  as  the  surface  The  internal  grid  points  are  calculated  using  a  2-d  hyperbolic  algorithm,  which  is 
applied  sectionwise  The  resulting  orthogonal  grids  are  especially  desirable  for  complex  shaped  cross  section  contours  As  for  hyperbolic 
marching  the  farfield  distance  can  only  roughly  be  prescribed,  however  not  a  specific  shape,  the  farfield  definition  of  the  algebraic  grid 
generator  is  used  The  intersection  of  the  radial  hyperbolic  gridlines  with  that  boundary  is  determined  and  the  internal  hyperbolic  grid  is 
then  redistributed  by  a  local  adaption  within  each  section  Either  an  affine  radial  stretching  according  to  the  hyperbolic  grid  can  be  used 
whereby  the  grid  height  of  the  first  cell  is  kept  Or  a  geometrical  stretching  function  with  a  fixed  initial  grid  size  can  be  applied  A  pro¬ 
cedure  generating  a  smooth  transition  from  an  internal  algebraic  to  the  full  hyperbolic  grid  is  also  available  Within  an  application  for  the 
Hermes  configuration  additional  stretching  functions  are  used  to  ensure  nearly  equidistant  distributions  in  the  region  of  the  front  shock 
wave  Other  input  parameters  allow  to  avoia  crossovers  in  concave  regions  or  for  example  to  even  out  the  grid  size  in  tangential  directions 
in  prescribed  regions  This  sectionwise  application  of  the  hyperbolic  grid  generater  as  well  as  the  reshaping  of  the  internal  grid  in  some 
cases  may  cause  minor  grid  irregularities  between  neighbouring  sections  Therefor  subsequently  a  2-d  and/or  3-C  Poission  solver  or  a 
3-d  smoothing  operator  can  be  applied  [8] 


Figure  II 

HERMES  ■  Grid  within  typical  cross  section 


Figure  12 

SAENGER  -  Some  grid  planes  and  their  topology' 
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4.  ADAPTIVE  GRIDS 

It  is  well  known,  that  the  accuracy  of  a  numerical  solution  depends  on  the  fineness  of  the  mesh  -  the  finer  the  grid,  the  more  accurate 
the  numerical  solution  will  be  The  presence  of  large  gradients  causes  the  error  to  be  large  in  the  the  approximation  of  the  derivatives 
Especially  in  the  presence  of  shock  waves,  more  artificial  diffusion  must  be  added  to  retain  adequate  smootheness  of  a  solution  That  is 
the  reason  for  an  urgent  need  for  schemes  which  are  able  to  rescue  those  large  gradients  without  the  necessity  of  adding  additional  grid 
points  An  adaptive  scheme  moves  given  grid  points  to  regions  of  high  gradients  in  cases  when  the  locations  of  these  gradients  are  not 
known  a  priori  An  adaptive  method  reduces  also  the  total  number  of  grid  points  required  to  achieve  a  given  accuracy  Adaptive  grid 
generation  schemes  can  run  in  partnership  with  a  flow  code  and  dynamically  adapt  the  grid  to  the  evolving  flow  field,  which  is  known  as 
dynamic  adaption,  or  they  can  adapt  one  grid  which  will  remain  invariant  for  the  entire  calculation,  which  is  called  the  static  adaption 


4.1  GRID  ADAPTION  BY  ALGEBRAIC  REDISTRIBUTION 


The  first  approach  described  here,  is  based  on  an  algebraic  generation  scheme  {see  for  example  [11],  [13]).  The  redistribution  of 
grid  points  along  arbitrarily  shaped  lines  according  to  the  curvature  of  a  sensor  function  can  be  used  for  the  static  adaption  of  2-D  grids 
and  also  for  the  field  adaption  of  3-D  grids  It  is  assumed  that  the  redistribution  of  grid  points  should  be  based  on  the  distribution  of  the 
curvature  of  a  typical,  the  flow  field  describing  function  u  {for  example  surface  pressure  distribution)  The  curvature  is  obtained  at  each 
point  /  by  the  central  difference  approximation 


a,  =  u,  — 


2_ 

h3 


{ 


(4.1) 


using  forward  and  backward  difference  operators  For  sake  of  simplicity  we  may  set  a,  =  a2  and  a*  =  a*_,  By  normalizing  the  curvature  with 
the  constant  step  size  h. 


we  obtain  a  weighted  measure  k ,  of  curvature  at  each  point: 


h  = 


N-  1 


with 


h,  =  x;  -  x,_v 

In  order  to  damp  extreme  values  in  curvature  and  to  increase  the  interval  of  influence,  a  new  measure  of  curvature. 

2n 


a, 


1 

2n  -f  1 


v* 


i  =  n  +  1. . N  -  n. 


(4-2) 


(4.3) 


(4.4) 


(4.5) 


is  introduced  for  inner  points  At  boundaries  a  similar  but  one-sided  formula  is  used  In  all  cases  described  here,  a  value  of  n  =  1  was 
used  resulting  in  smoothing  three  points 

The  transformation  function  is  finally  obtained  from  the  integration  of  alpha 


S, 


=  Y*,. 


(4.6) 


with  S.  -  0  One  notices  that  the  transformation  function  Six.)  has  its  maximum  slope  where  the  curvature  of  uix,)  has  its  maximum  curva¬ 
ture  and  its  minimum  slope  where  the  curvature  of  l/(x  *  is  also  minimal  The  table  of  values  obtained  from  S  =  S(x,i  can  also  be  used  in 
its  inverse  form  x  =  x(5,)  By  dividing  the  interval 


S,v  = 


(4  7) 


into  N  -1  subintervals 


s:  =  s*ir\-  '  =  2-3'  N 

one  can  obtain  through  interpolation  the  new  distribution  x  =  x(S,*)  in  order  to  guarantee  monotonicity  this  interpolation  must  be  linear 
then  from  the  existence  theorem  the  inverse  function  exists  because  S*  is  continous 

The  new  step  sizes  found  by  the  procedure  |ust  described  depend  completely  on  the  behaviour  of  the  function  u(x,)  If  this  function  is 
piecewise  linear,  some  of  the  a,  become  zero  This  can  lead  to  uncontrollably  large  step  sizes  Since  however,  the  accuracy  of  numerical 
methods  always  depends  on  the  chosen  step  size  an  additional  condition  must  be  introduced,  controlling  the  maximum  interval  between 
two  adjacent  points  The  step  parameter  P  is  defined  as 


,  =  P  h 


(48) 


Where  h  is  again  the  step  size  for  uniform  point  distribution  The  gradients  of  S(x)  are  now  compared  against  a  minimum  value 


Q  = 


(«-  Wm 


*0 


(4.9) 


which  is  controlled  by  P  Therefore  it  proves  neccessary  to  use  an  additional  linear  transformation  in  order  to  ensure  such  a  minimum 
gradient  of  value  q  Figure  13  shows  an  example  for  this  adaption  techique  for  a  C-type  mesh  around  an  airfoil 
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Figure  13.  RAE-2822  Airfoil  -  2-D  grid  adaption  by  algebraic  point  redistribution 


The  initial  point  spacing  is  already  non-uniform,  having  more  concentrated  points  at  the  leading  and  trailing  edges,  in  these  regions 
a  pressure  distribution  is  assumed  a  priori  showing  larger  curvature  The  adapted  grid  is  based  on  the  surface  pressure  distribution  cal¬ 
culated  by  means  of  the  initial  mesh.  Therefore  concentrations  of  mesh  points  at  the  approximate  middle  of  the  upper  and  lower  surface 
as  well  as  at  the  trailing  edge  are  due  to  the  curvature  of  the  pressure  distribution  The  effect  of  the  adapted  grid  can  easily  be  recognized 
in  the  surface  pressure  distribution  as  well  as  in  the  surface  skin  friction  On  the  upper  surface  the  shock  region  is  much  better  repres¬ 
ented  as  well  as  the  pressure  plateau  in  front  of  the  shock  Of  significance  in  the  prediction  of  the  aerofoil  force  coefficients  is  the  calcu¬ 
lation  of  the  wall  skin  friction  coefficient  c,  Furthermore,  but  already  indicated  by  the  pressure  distribution,  a  much  better  representation 
of  of  the  shock  region  can  be  obtained  by  the  use  of  the  adapted  grid.  More  details  about  this  2-D  grid  adaption  technique  are  given  in 

[ii] 


The  same  technique  was  applied  for  the  field  adaption  of  the  grids  for  the  flow  calculations  with  a  Parabolized  Navier-Stokes  (PNSi 
method  [12]  Within  the  cross  sections  in  streamwise  direction,  the  grid  points  have  been  redistributed  along  the  radial  coordinate  di¬ 
rections  Figure  14  shows  the  coordinate  systems  and  the  static  pressure  distribution  for  an  ogive  in  supersonic  flow  The  better  resolution 
of  the  shock  can  clearly  be  seen  and  the  adapted  grid  shows  already  the  position  of  the  shock. 


Figure  14  Ogive  ai  supersonic  flov.  -  3-D  grid  adaption  by  algebraic  point  redistribution 


4.2  GRID  ADAPTION  WITH  LOCAL  REFINEMENT 


A  second  adaption  scheme  is  used  for  the  generation  of  2-D  block  structured  grids  with  local  grid  refinement  This  method  is  based 
on  the  solution  of  elliptical  differential  equations  including  weighting  functions  from  the  flow  solution  It  is  suitable  for  the  generation  of 
2-D  adapted  block  structured  grids 

The  use  of  adaptive  grids  in  combination  with  local  grid  refinement  combines  the  advantages  and  cancels  the  disadvantages  of  each 
method  So  the  use  of  adaptive  grids  requires  a  high  number  of  grid  points  to  avoid  jumps  in  the  grid  spacing  On  the  other  hand,  the 
use  of  fine  subgrids  would  be  a  very  good  approach  for  viscous  flows,  if  the  boundaries  of  those  subgrids  could  be  adapted  to  the  structure 
of  the  flow  field  If  additionally  a  block  structure  which  is  adapted  not  only  at  the  geometric  requirements  but  also  at  the  structure  of  the 
flow  field  (see  for  example  refs  [13]  and  [14]).  is  used,  we  will  have  a  very  effective  discretization  of  the  flow  field  (adaptive  grids  with  local 
grid  refinement)  and  also  a  very  effective  procedure  for  the  low  solution  by  the  use  of  zonal  approach  (Euler/Navier  Stokes)  which  due  to 
the  block  structure  can  be  done  very  simply 
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With  the  computational  cordinates  ({.  >j)  and  the  physical  coordinates  (x,y).  the  commonly  used  elliptical  partial  differential  equations 
suggested  by  Thompson  [15]  for  grid  generation  can  be  written  as 

A  X;j  +  S  +  C  X{,  +  0/  X;  +  OJ  Xv  =  0  (4  10) 

wherein  the  X  =  (x,y)  are  the  cartesian  coordinates  of  the  grid  points  The  mixed  derivative  X{„  can  be  neglected  without  changing  the 
elliptical  character  of  the  above  equation  The  constants  A.  B  and  C  are  fixed  by  the  transfomation  operations  between  the  physical  and 
the  computational  space,  only  the  control  functions  Ql  and  OJ  can  be  used  for  grid  control  and  for  an  adaption  of  the  grid  According  to 
Thompson  [16],  adaptive  grids  can  be  constructed  by  including  weighting  functions  of  the  flow  solution  in  those  control  functions 

The  condition  for  a  one  dimensional  adapted  point  distribution  along  the  £-  or  i-  direction  in  the  computational  (index)  soace  is  de¬ 
scribed  by  the  relation 

W((ylx,  =  const 

Where  W„,  is  any  weighting  function.  In  the  computational  space  this  yields  to 

W({)x{  =  const 


or 


x!t  +  W(!>  W(l) 


x,  =  0 


(4  11) 


which  rs  a  one  dimensional  Poisson  equation  Compared  with  the  equation  (4.10).  the  above  equation  is  identical  with  the  one  dimensional 
elliptical  PDE.  If  in  the  one-dimensional  version  of  (4.10)  which  is 

A  +  0/X{  =  0 

the  source  term  QL  which  is  used  for  grid  control  is  replaced  by 


Ql  =  Ql  -T- 


(!) 


the  one  dimensional  discretization  will  be  adapted  to  the  weighting  function  W((1  In  two  dimensions  the  adaption  of  the  grid  to  a  weighting 
function  can  be  achieved  by  replacing  the  weighting  functions  in  (4.10)  by 


— 

"cot 

Ql  —  Ql  ■ 

w(i) 

QJ  =  QJ  + 

w(,> 

where  W(f  is  the  weighting  function  in  the  £  or  i-direction.  W(<l  that  of  the  tj  or  ]-direction  With  those  modified  source  terms  the  PDE  (4  10) 
can  generate  solution  adaptive  grids  if  the  weighting  functions  are  taken  from  the  flow  solution  The  choice  of  the  weighting  function  de¬ 
pends  on  the  nature  of  the  flow  field  In  flow  direction  and  along  surfaces  the  weighting  function  should  be  coupled  with  the  pressure 
distribution  and  in  |  direction,  which  is  the  direction  normal  to  the  main  flow  direction,  the  weighting  function  should  be  coupled  with  any 
indicator  for  viscous  effects  Numerous  experiments  with  different  weighting  functions  have  shown  that  the  best  weighting  function  for  the 
computational  i-direction  is  given  by  the  relation 


dp  „  <?p 
W,(,  =  a  -r—  +  £  — T 
Sx  dy? 


(4  12) 


So  the  weighting  function  is  a  combination  of  the  first  and  the  second  derivative  of  the  pressure  distribution  This  gives  a  grid 
adaption  to  pressure  gradients  and  extreme  values  a  and  ft  are  weighting  parameters  by  which  the  user  can  make  the  first  or  second 
derivative  more  ore  less  dominating  In  transonic  flow,  the  gradient  of  the  local  Mach  number  is  also  a  very  suitable  weighting  function 
adapting  the  grid  to  shock  waves  Normal  to  surfaces  wh-ch  is  usually  the  >j  or  )-direction.  possible  weighting  functions  may  be  the  total 
pressure  loss-  or  the  vorticity  distribution  It  was  however  found  out  that  the  total  pressure  loss  is  the  rr.^st  suitable  parameter  to  drive 
the  grid  adaption  to  any  flow  Held  discontinuity  because  its  values  move  within  a  small  range  whereas  tne  values  of  the  vorticity  spread 
over  several  powers  of  ten  So  the  weighting  function  for  the  j-direction  has  been  chosen  as 
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Where  >  again  is  a  scaling  parameter  Of  course  the  weighting  functions  have  to  be  smoothed  and  are  normalized  with  the  extreme 
values  To  avoid  an  “  overadapt  ion'  of  regions  with  extreme  gradients,  it  is  also  necessary  to  damp  extreme  values  in  the  weghting  func¬ 
tions  The  grid  adaption  can  be  performed  n  3  levels  Adaption  of  the  surface  point  distribution  along  the  surface  to  the  surface  pressure 
distribution,  adaption  of  the  field  grid  points  ncrmal  to  the  flow  direction,  and  the  adaption  of  the  field  grid  points  in  flow  direction  The 
perimeter  adaption  along  the  surface  ts  done  by  the  solution  of  a  one  dimensional  elliptical  PDE 


=  0 


(4  14) 


If  the  above  equation  is  approximated  by  finite  differences  in  the  index  space  this  leads  to  a  simple  tridiagonal  equation  system 
The  weighting  function  is  given  by  equation  (4  12)  For  this  surface  adaption,  only  the  surface  pressure  distribution  or  the  Mach  number 
distribution  along  the  surface  is  required  For  the  field  adaptions  the  weighting  functions  according  to  eqs  (4  13)  and  (4  14)  are  taken 

The  local  grid  refinement  is  treated  as  follows  First  the  uniform,  finest  grid  is  genera. ed  Then  the  coarser  blocks  are  obtained  by 
eliminating  each  2  4  8  grid  point  in  i-  and/or  j-direction  For  the  grid  adaption,  the  weighting  functions  of  the  flow  solution  are  interpo¬ 
lated  into  the  uniform  fine  grid  and  the  grid  adaption  is  performed  for  this  uniform  fine  grid  and  finally  the  coarse  subgrids  are  regenerated 

If  the  flow  solution  operates  in  a  sequence  /rom  coarse  to  fine  grids  (multilevel  r  id  technique),  at  each  switch  from  a  coarser  to  the 
next  finer  grid  this  finer  grid  can  be  adapted  by  the  results  of  the  oarser  grid  So  th'  grid  points  are  automatically  concentrated  in  regions 
with  highly  dominating  viscous  effects 


If  once  the  weighting  parameters  a ,  0y  have  been  calibrated  for  a  certain  configuration,  the  described  adaption  method  is  very 
stable  It  is  very  suitable  to  all  flow  fields  wich  have  viscous  regions  embedded  into  an  inviscid  outer  region  Fo'  internal  flows  however 
the  viscous  regions  can  be  extended  over  the  complete  flow  field  and  the  total  pressure  loss  can  be  no  suitable  weighting  function  In  those 
cases  the  second  derivative  of  the  velocity  profiles  were  a  better  indicator  for  separated  regions  It  was  also  found,  that  the  field  adaption 
to  the  field  pressure  distribution  has  no  advantages  as  long  as  there  are  no  pressure  discontinuities  in  the  flow  field  The  adaption  of  the 
grid  to  the  surface  pressure  distribution  is  sufficient  and  can  be  done  once  at  the  beginning  of  the  calculation  Figure  15  shows  the  flow 
field  around  a  2-D  fast  back  car  body  and  the  adapted  grids  at  2  different  solution  levels  In  the  flow  field  one  can  recognize  separation 
at  the  rear  wind  shield,  the  wake  region  and  the  boundary  layer  along  the  fixed  ground  plate  behind  the  car  The  grid  is  adapted  to  the 
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surface  pressure  distribution  by  the  solution  of  equation  (4 .14)  with  (4. 12}  as  weighting  function.  This  adaption  has  been  done  once  at  the 
beginning  of  the  calculation  and  gives  a  concentration  of  grid  points  in  regions  with  pressure  gradients  and  extreme  values  The  field 
adaption  was  carried  out  two  times  during  the  solution  process  taking  (4.13)  as  weighting  function  in  -  direction  and  without  field  adaption 
in  Z-  direction 


Figure  /.'■  Figure  /(< 

'■  f  >  Grd  adaption  by  elliplical  FPF  s  2-1 )  Cnd  adaption  b\  elliptical  PDF  i 


Figure  16  gives  an  example  to'  the  influence  of  the  grid  adaption  on  the  surface  pressure  distribution  The  configuration  is  an  ide¬ 
alized  midsec. ion  of  a  racing  car  and  the  grid  is  a  H-type  grid  with  local  grid  refinement  in  the  inner  blocks  consisting  of  a  total  number 
of  22536  cells  In  the  initial  grid,  the  grid  points  around  the  contour  are  concentrated  at  the  leading-  and  trailing  edge  region  In  the  cc- 
apted  grid  only  the  point  distribution  around  the  contour  was  adapted  to  the  surface  pressure  distribution  and  again  the  grid  points  are 
mcentrated  in  regions  with  pressure  gradients  and  -extreme  values  The  surface  pressure  distribution  is  the  result  of  a  2-D  Navier  Stokes 
analysis  at  a  Reynolds  number  of  Re  =  18  >  10*  With  the  cf  adapted  grid,  the  pressure  distribution  become*  smoother  the  gradients 
and  the  extreme  values  are  better  represented 

An  example  fo  the  reduction  of  the  numerical  error  is  given  in  Figure  17 


2-1)  (irid  f  ilaption  by  I  lliptical  PDI’\ 


Reduction  ni  the  \untcrii'iil  f.rrnr  h\  Idoptcd  (irids 


Figure  /7  2-D  Grid  adaption  by  elliptical  PDF  s 


In  the  non-adapted  coarse  grid  a  2-D  Navier  Stokes  calculation  was  started  with  the  aime  to  get  a  solution  for  the  adaption  of  a  fine 
grid  As  it  can  be  seen  in  the  plot  of  the  convergence  behaviour.  It  was  impossible  to  pht  a  converged  solution  in  that  grid  With  the 
adapted  grid  (along  the  surface  to  the  pressure  distribution  according  to  (4  12)  and  normal  to  the  surfaces  to  the  total  pressure  loss  ac¬ 
cording  to  (4  13))  a  ver/  good  convergence  rate  was  achieved 
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hgwe  10  Figure  20 

Airfoil  ■with  '] op  adapted  medium  gnd  Airfoil  with  flap  •  adapted  fine  grid 

To  avoid  the  typical  singularities  of  a  H-type  grid  a  system  ot  patched  block  structured  C  -  meshes  has  been  generated  for  that  config¬ 
uration  Both  airfoil  and  flap  have  a  thick  trailing  edge  and  the  C  -  meshes  are  closed  by  an  additional  trailing  edge  block  The  How 
solution  was  started  in  the  coarse  mesh  The  medium  grid  of  figure  19  is  adapted  to  the  results  of  the  coarse  grid  and  the  development 
of  the  boundary  layers  and  the  wakes  can  be  seen  m  the  medium  grid  where  an  adapted  inner  grid  is  embedded  into  a  coarse  global  gnd 
The  final  fine  grid  (40000  points-  of  figure  20  is  adapted  to  the  result  of  the  medium  grid  and  shows  a  very  fine  resolution  of  all  viscous 
regions 


5  CONCLUSIONS 

There  is  still  a  lot  of  work  which  has  to  be  done  forming  a  realty  flexible  mesh  generation  system  capable  to  handle  all  the  various 
problems  which  are  of  industrial  interest  P  arms  mg  new  batch  modules  as  described  in  chapters  3  and  4  are  under  development  for 
special  applications  But  the  location  where  more  and  more  meshes  are  generated  effectively  nowadays  and  in  the  future,  is  the  graphic 
workstation  CAD-systems  and  graphic-interactive  application  programs  each  provide  a  great  help  within  its  part  of  the  complete  working 
process  concerning  handling  and  control  of  geometries  and  meshes  The  grid  generation  system  INGRID  is  a  step  towards  the  integration 
of  standardised  procedures  and  also  new  developed  modules  with  the  aim  to  form  a  user-friendly  and  productively  applicable  tool  for  the 
mesh  generation  Integration  of  further  modules  into  the  current  system  will  enhance  its  versatily  and  provide  a  powertull  collection  of 
tools  to  match  most  of  the  industrial  CFD-tasks  The  generation  of  complex  grid  structures  is  simplified  clearly  by  the  application  o?  such 
an  interactive  procedure  -  various  tasks  for  general  configurations  become  solvable  rationally  onlv  due  to  such  an  approach 
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RESUME 

Get  article  de'crit  line  methode  qui  a  e'te'  drveloppec  pour  la  construction  de  maillag.es  autour  de 
configurations  complexes.  Cette  methode  pcrinel  tout  d’ahord  line  generation  algehrique  de  type 
multidomaine  reposant  sur  une  partition  du  domaine  de  calcul  en  sous-doinaines  hexae'driques,  chacun  de 
ces  sous-domaines  etant  maille  de  maniere  structure!-,  une  methode  d  opt imisat ion  est  ensuite  utilise'e  pour 
ameliorer  les  qualites  du  maillage  et  en  particuher  ses  proprie'tes  metriques,  on  pour  1’adapter  a  la  solution 
physique  (pie  1’on  desire  calculer  sur  ce  maillage  La  coinhinaisoii  de  ces  deux  iricthodcs,  multidomaine  et 
variationnelle,  est  en  cours  de  mise  en  oeuvre  et  les  premiers  resullats  obtenus  sont  presentcs. 


INTRODUCTION 

Depuis  plusieurs  annees,  avec  I'arrive'e  des  super-cnlculateurs,  des  progres  remartpiables  out  etc'  observes 
dans  les  calculs  d’e'coulements  autour  de  configurations  tridimcnsionnelles.  Ces  progres  conceruent  a  la  fois 
la  complexity  des  modeles  mat hemaliqucs  utilise  et  la  complexity  des  formes  geome'triques.  Les  differents 
modeles  matheinatiques  vonl  des  me'thodes  de  petiles  perturbations,  line'ai ise'es  ou  traussoniques,  aux 
equations  de  Navier-Stokes  el  aux  modeles  de  eouplagr  lluide  parfait-  lluide  visqueux  en  passant  par  les 
equations  du  potentiel  et  d’Euler.  f’ar  rxcmple,  pour  mi  avion  de  transport,  les  configurations  e'tudiees  sont 
passe'es  progressivement  d’une  voilurc  isolc'e  a  I’avion  complet  avec  les  adjunctions  successive*  du  fuselage, 
de  nacelles  et  de  mats  La  construction  de  maillages  autour  de  telhs  configurations  est  devenue  une  tache 
de  plus  en  plus  compliquce  ct  crucitile  pour  obtenir  de  lions  rcsultats. 

De  nombreuscs  strategics  out  etc  devcloppees  d’une  part  pour  obtenir  ces  maillages,  et  d’autre  part 
pour  pouvoir  les  utiliser  dans  les  codes  de  calculs  existanls  ou  en  cours  de  developpernent,.  Plusieurs  e'tapes 
peuvent  cependant  etre  distinguees  dans  Ic  processus  de  construction  de  maillage:  une  premiere  e'tape  de 
ge'ne'ration  consiste  a  remplir  I’espacc  tridimensionucl  de  nocuds  de  maillage  relies  entre  eux  par  un  reseau 
d’aretes  permettant  d’identifier  chacun  de  leur  voisin  (ronnecti(|ur  du  maillage)  ct  de  defmir  des  volumes 
elementaires  appeles  cellules,  mailles  ou  elements  scion  les  auteurs  ou  les  codes  de  resolution  utilisant  ces 
maillages.  De  nombreuses  classes  de  maillage  peuvent  etre  distinguees:  res  maillages  petit  etre  de  structure 
re'guliere  ou  non,  de  type  multidomaine  avec  ou  sans  rccouvremcnt ,  avec  ou  sans  corrcs|>ondancc  des  noeuds 
aux  interfaces  entre  les  domaines  ...  Une  deuxiemo  etape  consiste  a  s’assurer  que  le  maillage  obtenu  possede 
les  proprietes  metriques  ne'cessaires  pour  le  calcul  de  I’ecouleinenl .  Ceci  pent  etre  a  priori  realise  par 
certaines  me'thodes  dr  generation  ou  pent  etre  obtenu  a  posteriori  par  deplacement  de  certains  noeuds  du 
maillage  initial  sans  en  changer  la  topologic  Une  troisieme  etape  consiste,  a  pres  un  calcul  d'e'coulcment  sur 
un  maillage  initial,  a  construire  un  nouveau  maillage  iiiieux  adnptc  a  la  solution  a  calculer.  Ceci  peut  etre 

effecluy  par  ajout  ou  supression  de  noeuds  du  maillage  avec  changement  de  la  topologic,  ou  par 

deplacement  des  noeuds,  en  couservant  la  meine  structure,  de  maniere  a  resserrer  Its  noeuds  dans  les 
re'gions  desire'es 

Nous  presell  tons  dans  cet  article  une  methode  drveloppec  pour  lenliscr  certains  de  ces  olijectifs.  La 
premiere  partie  est  consacree  a  la  methode  de  g<:m:ratioii  choisie  <pu  permel  de  construire  un  maillage 
algehrique  multidomaine  par  bloc  structure  '.ms  recoin  lenient .  aver  coincidence  des  noeuds  aux  interfaces. 
Nous  indiquoiis  dans  la  driixicmc  partie  comineiil  la  slimline  multidomaine  pent  prat iqnemcnt  etre 
const  mite  el  comment  la  gc'omctni  est  pier  en  lomple  et  le  maillage  const  nut  Nous  rappelons  enlin  dans 

la  troisieme  partie  les  principalis  cara<  t  cnsl  tqiies  de  la  methode  \  anal  loimelle  qui  a  etc  developppe  pour 

I  op  1 1  III  Isa  I  ion  el  ladaptalioli  des  maillages  algelu  iipies  pos  eihunm  lit  oblenils  (  liaeune  de  ees  parlies  est 
illuslre'e  d  exemphs 
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STRUCTURE  MULTIDOMAINE  DU  MAILLAGE 

Nous  presentons  ici  les  caracterisliqucs  de  la  methode  multidomaine  de'veloppee:  celle-ci  consiste  a  tirer 
parti  de  la  simplification  procuree  par  uue  nume'rotation  a  trois  indices  "i,  j,  k"  des  noeuds  du  maillages  ou 
le  triplet  (i,  j,  k)  parcourt  la  boite  { 1  ,i  111)  x  [l,jin]  x  [  I  ,k  in]  de  N3.  Cependant  un  tel  ensemble  de  points 
constituant  un  bloc  est  rareinent  assez  ge'ne'ral  pour  prendre  en  compte  toute  la  complexity  du  domaine. 
Une  ide'e  intuitive  permettant  d’obtenir  un  maillage  complet  consiste  a  diviser  de  maniere  arbitraire  le 
domaine  en  plusieurs  sous-domaines  hexae'driques  et  a  construire  dans  chacun  d’eux  un  tel  bloc  "i,  j,  k". 
On  parlera  alors  d’approche  multibloc  ou  multidomaine.  Ce[>endant  differentes  decompositions  sont 
possibles:  ces  sous-domaines  peuvent  se  recouvrir  ou  avoir  des  intersections  de  volume  nul,  et,  dans  ce 
dernier  cas,  les  noeuds  sillies  de  cliaque  cote  des  interfaces  de  deux  blocs  peuvent  etre  distincts  ou  au 
coniraire  se  correspondre.  C’est  cette  derniere  approche,  compatible  avec  la  Methode  des  Elements  Finis, 
qui  est  consideree  ici.  A  quelques  differences  pres,  cette  methode  est  d’ailleurs  Ires  souvent  rencontre'e  dans 
la  litte'rature  consacree  aux  maillages  et  est  la  plus  frequemment  utilisee  |!)j.  Dilfe'rentes  eta  pcs  sont 
considerees  et  seront.  decrites  ci-dessous:  partition  de  type  "Ele'ments  Finis"  du  domaine  en  blocs,  maillage 
"i,  j,  k"  des  blocs,  regroupement  structure  des  blocs  en  sous-domaines  de  calcul. 

Partition  du  domaine  en  blocs 

Une  premiere  partition  du  domaine  de  calcul  ft  de  forme  arbitraire  en  blocs  est  consideree.  Ces  blocs 
sont  des  hexaedres  curvilignes  isomorphes  au  cube  unite'  [0, 1 J  x  [0,1]  x  [0,1]:  ils  sont  caracte'rise's  par  8 
sommets,  12  aretes  et  6  faces  curvilignes.  On  suppose  que  cette  partition  entre  les  blocs  est  de  type 
"Ele'ments  Finis",  c’est  a  dire  que: 

1)  [’intersection  de  deux  blocs  dans  une  telle  partition  ne  peut  etre  constitue'e  que  d’un  sommet,  ou  d’une 
arete  complete  ou  d’une  face  complete. 

2)  deux  sommets  relies  par  une  arete  ne  peuvent  de'fmir  que  cette  arete  et  quatre  aretes  constituant  les 
cotes  d’une  face  ne  peuvent  deli n ir  que  cet  te  face. 

Plusieurs  caracte'rist iques  du  maillage  peuvent  etre  de'duites  de  ce  choix  de  partition:  en  parlieulier  la 
(opologie  generate  du  maillage  est  entierement  connue  des  lors  que  Ton  se  domic  le  nombre  de  blocs  et.  pour 
cliaque  bloc,  ses  8  sommets.  II  est  en  elRl  possible  de  connaitre: 

-  le  nombre  de  blocs  (donne),  de  faces,  d’aretes,  de  sommets; 

-  pour  chacun  des  blocs:  ses  8  sommets  (donnes),  ses  12  aretes,  ses  (i  faces; 

-  pour  chacurte  des  faces:  ses  1  sommets  ou  coins,  ses  -1  aretes  ou  rote's; 

-  pour  chacune  des  aretes:  ses  2  sommets  ou  cxtmuit.es. 

II  est  alors  possible  de  numeroter  ces  entite's.  Reciproquemcnt,  ayant  obtenu  cette  topologie,  il  est 
possible  de  dire  si  8  (respectivemcnt  I,  2)  sommets  donne's  definissent  un  bloc  (resp.  une  face,  une  arete)  et 
le  cas  e'cheant  de  determiner  lequel  (resp.  laquelle).  II  est  alors  interessant  de  tirer  parti  de  ces  proprie't e's  et 
en  parlieulier  du  fait  que  toutes  les  entiles  -  bloc,  face,  arete  (et  plus  loin  sous-domaine)  -  peuvent  etre 
designees  de  maniere  univoque  par  les  8,  I,  2  (et  plus  loin  IM  x  JM  x  KM)  sommets  qui  les  de'linisscnt 

Dans  chacun  de  res  blocs  hexaeili iques,  on  pent  alors  obtenir  un  maillage  structure  "i.  j,  k"  par  des 
techniques  varices.  On  parlera  alors  de  blocs  de  maillage  U,nii|  Les  ele'ments  linis  seront  denotes  par  fl. 
Notons  <|u  une  des  caracte'rist  iques  de  ces  blocs  de  maillages  est  la  valeur  des  nombres  de  noeuds  sur  les  3 
families  de  I  aretes  opposees. 

Regroupement  des  blocs  de  maillage  en  sous-domaines 

La  partition  de  type  Element^  finis  "  precedemment  decrite  pour  hs  blocs  de  maillages  est  rclal ivemenl 
contraignanle  el  le  nombre  de  blocs  augmenle  Ires  rapidement  aver  la  eomplexite  du  domaine.  II  peut  done 
ftre  decide  de  regrouper  ces  blocs  en  sous-domaines  ft  ^  sllr  lesquels  les  calculs  devront  etre  cllcsiuc's.  Alin 
d ’assurer  la  meme  slimline  (i.  j,  k)  a  res  sous-domaines,  d  est  neeessaire  d'elfeituer  aussi  re  regroupement 
de  maniere  slrucliiree,  c  est  a  dire  de  eonsiderer  un  sous-domaine  conmie  forme  de  I'enipilemeiit  dans  les  .1 
ihreclioris  de  (IM— I)  X  (JM— I)  X  (KM-I)  bloc-  hrxaedriqucs,  (  haque  bloc  |k)u\ ant  etre  deliiii  par  cxemple 
par  ses  8  sommets 

I  •*', ;  t  ■  1  i,  i  t  I  .  j  J.  J  1  I  .  f  k .  k  i  I  j  pom  i  I .  I M  —  I  .  j  I.  IM  I  :  k  I ,  KM  —  I . 

Les  sous-domaines  sont  done  egaleinent  de-  bexar'dre-  ct  coinpnrtcnl  (>  "supei -la< es"  (unions  "I.  J"  des  fares 
element aires).  12  stiper-areies  (unions  d'arcte-  element ams)  cl  K  -onunets  I, a  partition  du  domaine  W  en 
soii.s-domaines  de  calcul  est  alors  del  i  imc  aibilr.uie 
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Differentes  partitions  du  domaine 

Les  quatre  niveaux  d<*  maillage  (Si,  fl^,  Simli|,  fTk)  RC  repartisscnt  ainsi: 

•  Partition  de  type  "Elements  I'  inis"  du  domaine  en  blocs  de  inaillage:  fi  =  Ulypef;p  ^m»ii 

•  Partition  arbitraire  du  domaine  en  sous-domaines  de  calcul:  fl  =  Uarb 

•  Regroupement  "  1,  .1,  K"  des  blocs  en  sous-domaines  de  calcul:  —  U|JK  ^mai| 

•  Maillage  "  i,  j,  k"  des  sous-domaines  et  des  blocs:  Si .  =  Un,  U...  et  fl  ,  =.  IL  H 

ijk  ijk  calc  wijk  jjk 

Notion  de  famille  d'aretes 

Les  deux  caracte'ristiques  principales  du  maillage  sont.  d’une  part  la  structure  "i,  j,  k"  des  blocs  et 
d’autre  part  la  correspondance  des  noeuds  de  inaillage  sur  les  interfaces  cntre  les  blocs.  Elies  permettent  de 
de'gager  la  notion  de  famille  d’aretes  en  remarquant  tout  d’abord  que  si  deux  aretes  sont  en  vis  a  vis  sur 
une  meme  face,  el  le  out  necessairement  le  me  me  nombre  de  noeuds,  puis  que  cettc  propriete  se  transmet  de 
face  en  face  dans  les  dilferents  blocs  du  maillage.  On  (lira  done  que  deux  aretes  appartiennent  a  une  meme 
famille  s’il  existe  une  face  telle  que  res  deux  aretes  sont  opposees  sur  cette  face,  mi  s’il  existe  une  suite  de 
faces  permettant  de  proclie  en  proclie  de  relier  ces  deux  aretes  par  des  aretes  de  la  meme  famille. 

Oette  notion  permet  de  t ransmett.re  d’autres  informations  (|ue  le  nombre  de  noeuds  en  particular  la 
repartition  des  noeuds  sur  les  aretes  d’une  meme  famille.  Cette  propriete  sera  utilisee  lors  de  la 
construction  algebrique  du  maillage. 

CONSTRUCTION  DU  MAILLAGE  MULTIDOMAINE 

Construction  de  la  topologie  et  prise  en  compte  de  la  geometrie 

Une  question  qui  apparait  immediatement  apres  cette  description  topologi(|iie  est  la  construction 
pratique  de  la  topologie  et  plus  precisement  la  donne'e  des  Imit  sommets  de  cliacun  des  blocs  et,  pour 
chaque  sotis-domaine.  la  donnee  des  blocs  les  constituanl.  Remarqnons  tout  d’abord  que  la  structure 
topologique  precedemmenl  dccrilc  est  totnlement  independantc  de  la  ge'ome'trie  du  domaine  dans  lequel  on 
de'sire  construire  le  maillage:  en  elTet,  par  exemple  en  2  dimensions,  l’union  de  trois  blocs  peut  etre  utilisee 
pour  des  configurations  aussi  varices  qu’un  maillage  en  II  dans  un  canal  inter-aube  oil  (pi’un  maillage  en  C 
an  tour  d’un  profil  isole  (lig.l)  Invcrsement,  un  domaine  peut  etre  maille'  scion  des  topologies  dilfe'rentes 
(cf.  ler  exemple)  on  encore,  un  meme  maillagc  multidomaine  peut  etre  const ruit  en  utilisant  des 
de'coupages  dilferents  (lig.2)  Ce  decoupage  du  domaine  est  facile  en  deux  dimensions  car  il  est  possible  de 
tracer  le  domaine,  les  dilferents  blocs  et  les  sous-domaines  et  plusieurs  topologies  peuvent.  facilement  etre 
deTmies  et  dessinees  pour  une  conliguration  complexes.  Cette  operation  de  conception  et.  de  representation 
de  volumes  geoinetriqurs  complexes  devient  tres  dillicile  en  trois  dimensions  el.  ne'cessjtc  I’utilisation  d’un 
outil  inleractif  de  visualisation  I ridimensionnellc.  Celui-ri  peut  en  particulier  etre  un  logiciel  de  CAO 
fonctionnant  sur  une  station  de  travail  1,’ut ilisation  d’un  tel  logiciel  revet  encore  plus  d’interet,  quand  on 
remarque  que  les  geometries  modernes  complexes  sont,  soit  issues  de  la  CAO,  soil  devront  etre  traitees  par 
la  CAO  apres  avoir  etc'  delerminees  par  le  calcul.  Ainsi  les  geometries  soumises  a  I’ingenieur-numei icien  lui 
sont  donnees  sous  forme  de  fielders  CAO  el  e’est  un  ficliier  de  ce  type  <|ui  doit  servir  de  point  de  de'part 
pour  la  generation  du  maillage.  Finalement,  notolis  que  dans  les  logicicls  de  CAO  modernes,  de  nombreux 
modules  out  fait  I’objel  de  developpeincnt  pousse's  et  peuvent  etre  direclement  utilises  lors  de  la 
construction  du  maillage:  modelisal  ion  el  conception  gc'omctriqne  el  volumique,  interpolat  ion  et 
parainetrisat ion.  manipulation  et  intersection  de  surfaces... 

Le  code  qui  a  pennis  d’oblenir  les  resullats  presenliVi  plus  loin  n ’utilise  pas  encore  les  atoilts  d’un  tel 
logiciel;  il  permet  rependant  d’e'ludier  line  topologie  multidomaine  telle  qu’elle  a  ete  decrite  et  de  construire 
un  maillage  a  parlir  de  maillages  part iels  de  surfaces  et  d’aretes.  Les  donnees  gAunet i iques  consistent 
uniquement  en  ceitaim-s  fares  (respect ivement  aretes)  donnees  sous  forme  de  grilles  de  im  X  jtn  points 
(resp  suites  de  im  points)  /\insi  les  donnees  ne'cessaircs  a  une  configuration  sinqdilice  const  it  nee  dim  demi 
ensemble  fuselage-vodiHe  dans  un  lieiiiispere  sont  represenlc'cs  sur  la  ligure  .r>  dies  sont  const i lures  de  3 
grilles  defiuissanl  le  fuselage  (el  en  parlKidier  I’elnplanl  lire  de  I’aile),  d’line  suite  de  points  delinissatll 
I’exl remite'  de  I  aile.  ainsi  .pie  de  cerlames  aretes  delinissant  la  frolitiere  du  domaine. 

Ces  donnee-  geonid riqin-s  impo-i:es  par  la  (’At)  lie  sont  en  gfne'ral  pas  -iilli-anles  pour  construire  le 
maillage:  les  blocs,  aim  d  elie  mailles,  doiveul  el  re  deliuis  par  leiirs  six  fares  i|iil  pement  et  re,  soit  impose?* 
a  priori  par  la  CAO.  soil  internes  an  domaine  et  non  ne’ressairenient  determiners  |)e  meme  il  peut  etre 


Il&essaire  de  eonstruire  certaines  aretes  on  dr  dcliuir  certains  sommet*  intcrieurs  an  doiuniiic  on  sur  la 
surface  extcrne  de  celni-ci.  Nous  desirous  dans  line  premiere  eta  pc  constru  ire  algc'briqucmcnt,  rapidement  et 
aussi  interactivement  que  possible  un  premier  maillage.  Nous  avons  choisi  de  eonstruire  un  maillage  en 
agissant  le  plus  possible  sur  Ic  "squelette"  iiiultidoniainc  de  cclui-ci  lors  de  la  construction  des  sommets  et 
des  aretes  des  different*  blocs:  ainsi,  un  de'placeinent  des  sommets,  ou  un  cliangement  de  la  forme  d’une 
arete  permettent  de  modeler  les  blocs  et  procurent  un  premier  moyen  souple  de  controler  la  qualite'  du 
maillage.  Ceci  pent  etre  realise  cn  autorisant.  les  quelques  manipulations  simples  envisage'es: 

•  creation  d’un  sommet, 

•  creation  d’une  arete  par  la  donne'e  de  deux  sommets  et  de  deux  tangentes  ou  d’un  point  interme'diaire, 

•  de'placement  d’un  sommet, 

•  modification  de  la  forme  d’une  arete. 

Ainsi  il  est  possible,  comrne  en  deux  dimensions,  de  eonstruire  la  topologie  en  inodelant  les  domaines  tout 
en  tenant  compte  de  la  geometric  impose?.  Cos  procedures  deviennent  tres  utiles  des  lors  qu’elles  peuvent 
etre  mise  en  oeuvre  interactivement  et.  grapliiqucmcnl. 

Maillage  algebrique 

Dispasant  ainsi  dim  squelette  mult idomaine,  il  reste  a  placer  les  nocuds  sur  les  dilfcrentes  entite's 
(aretes,  faces  et  blocs).  Ifappelons  que  le  notnbre  de  noeuds  est  determine  des  lors  qu’il  est  lixe  sur  un 
representant  de  chaque  fatnille  d’aretes.  Tout  coniine  I’ctape  precedente  de  definition  du  squelette,  nous 
choisissons  de  porter  l’essentiel  de  I’cHort  sur  la  repartition  des  nocuds  sur  les  aretes  dont  nous  connaissons 
a  ce  stade  la  geometric:  les  maillages  bi-  et  tridimensionnels  seront  ensuite  obtenus  par  interpolation  a 
1’int^rieur  des  entite's  a  partir  des  valeurs  aux  bords,  avec  respect  e'ventuel  d’une  ge'ome'trie. 

Les  repartitions  lineiques  peuvent  tout  d’abord  etre  delinies  de  maniere  absolue,  sans  faire  reference  a 
aucune  autre  repartition;  dans  ce  cas  on  pourra  imposer  le  rapport  des  deux  mailles  extremes,  la  repartition 
sera  alors  geometrique.  ou  on  pourra  imposer  la  longueur  de  la  premiere  et  (ou)  de  la  dernicre  maille,  la 
repartition  sera  alors  cubique  (ou  de  degre'  inferieur).  Notons  (|ue  cette  dernicre  maniere  de  definir  la 
repartition  doit  etre  utilisce  avec  precaution  car  le  re'sultat  depend  fortement  du  noinbre  de  mailles  sur 
I’arete:  pour  un  parame'trage  de  0  a  1,  une  premiere  maille  de  1/lOeme  cre'e  avec  5  mailles  un  railinement 
au  voisinage  de  0,  tandis  que  le  raffincmcnt  se  trouve  au  voisinage  de  I  avec  ’20  mailles.  II  est  preferable  de 
de'finir  des  raffinements  relatifs  qui  permettront,  par  simple  cliangement  du  notnbre  de  noeuds  sur  chaque 
famille,  d’obtenir  un  maillage  dt  meme  aspect  avec  la  densite'  de  points  voulue. 

Les  repartitions  peuvent  aussi  etre  delinies  en  rc'fc'rence  a  une  autre  arete;  deux  cas  sont 
particulieremeril  inleressants  et  impliquent  le  transfert  d’un  certain  type  d’information  d’une  arete  a  une 
autre.  Ayant  determine  une  repartition  sur  une  arete  par  un  moyen  quclconque,  il  est,  souvent  utile  de 
prescrire  sur  I’arete  opposee  d’une  face  le  meme  repartition  a  une  hoinothc'lie  pres  (meme  repartition  en 
abscisse  reduitc)  et  ainsi  transferer  cette  repartition  sur  d’aulrc  faces;  les  aretes  en  question  appartiennent  a 
la  meme  famille  par  definition  et  out  done  le  meme  nombre  de  noeuds:  la  construction  du  maillage  sur  ces 
aretes  ne  posera  done  pas  de  difficult?  et  pourra  ainsi  etre  envisage  par  transfert  de  repartition  sur  une 
famille  d’arete.  Un  autre  moyen  de  dcliuir  une  repartition  est  obtrnu  en  remarquant  qu’a  I’interface  entre 
deux  blocs  adjacents,  il  est  souvent.  necessaire  d’imposer  des  tallies  de  mailles  voisines;  lors  de  la 
construction  du  maillnge  <Ju  sipielette,  cela  ncci-ssitc  en  particulier  que  les  longueurs  de  mailles  de  part  et 
d’autre  d’un  sommet  soient  voisines.  Ola  fournit  mi  autre  moyen  de  dcliuir  une  repartition  (de  type 
cubique  ou  de  degre'  inferieur)  par  transfert  d’une  information  (une  taille  de  maille)  d  une  arete  a  une  autre 
a  travers  un  sommet . 

Exemples  d’illustration 

Ces  diffe'rents  types  de  construction  pour  la  topologie,  le  squelette  mult  idomaine  el  le  maillage  du 
squelette  sont  en  rours  de  mise  en  oeuvre;  ces  eta  pcs  nous  lournisseiit  trois  niveaux  de  control?  lors  de  la 
construction  du  maillage  Les  rcsullals  prcsenles  out  cependant  etc  obtenus  aver  la  me'tliode  la  plus  simple 
qui  consiste  a  const  mile  entre  deux  sommets  une  repartition  uniforme  de  noeuds.  Nous  rappelons  qu’il  est. 
important  de  ronrevoir  un  code  <pii  puisse  eonstruire  le  maillage  a  partir  de  donnees  de  trois  types 
inde'pendants  -  geometric  topologie  .  repartition  lineique  -  de  maniere  a  pouvoir  envisage!-  sans  (rop  de 
modifications  des  maillages  coinpletcuicnt  different*. 

Le  premier  excmple  illustre  cel  aspect  du  probleme.  II  s’agil  de  eonstruire  uu  maillage  autour  d’une 
nacelle  simplifier  axisy met riipie  cieuse  ayant  e'te  obteuue  par  rotation  d  un  prolil  NACA(H)I2  autour  d’un 

axe,  et  dont  le  maillage  est  .  don  nee  I'lusicurs  topologies  sont  envisage?*  el  les  maillages 

correspondanl-s  sont  obtenus  par  simple  rlmugcmrnt  d'nn  licliier  de  topologie  On  suppose  d’uue  part,  que 
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Ton  desire  obtenir  un  maillage  cn  li  dans  re  plan  meridien  (lig.3).  D'autre  part,  eii  re  <|<ii  concerne  les 
plans  radiaux,  on  considere  dilli'rentrs  combinaisons  de  l.o|xrlt>gies  pour  I’interieur  et.  I’cxtericur  de  la 
nacelle:  maillage  en  II  ou  en  O.  Nous  mont.rons  stir  la  (igure  4  les  maillagcs  stir  certaines  faces  de  sous- 
doinaines  obtenus  pour  les  topologies  suivantes: 

•  Topologie  1  :  le  sous-domaine  interieur  est  inailte  en  II  el  les  deux  sous-domaines  exte'rieurs  sont  inailles 
en  O  (fig. 4a), 

•  Topologie  2  :  le  sous-domaine  intc'rieur  est  inaille  en  O  et  les  deux  sous-domaines  exte'rieurs  sont  inailles 
en  H  (fig. 4b). 

Le  second  exemple  montre  continent  il  est  possible  d’obtenir  un  maillage  autour  d’une  configuration 
simplified  (fuselage  +  voilure)  d  im  demi  avion  de  transport.  La  ge'ome'trie  peut  etre  definie  coniine  suit 
(fig-5): 

•  le  plan  de  symetrie  de  1’avion  est  le  plan  xOz, 

•  la  direction  du  fuselage  suit  I’axe  Ox, 

•  l’aile  est  au  voisinage  du  plan  xOy  el.  est  definie  par  son  cmplanture  sur  le  fuselage  d’une  part,  et  par 
son  profil  d’extre'mite'  d’e'paisseur  nulle. 

•  la  frontiere  du  domaine  don  nee  par  des  aretes  ronstruites  sur  Hieinispltere  exte'rieur. 

On  a  defini  40  blocs  s’appuyanl  sur  8  faces  ou  unions  de  faces  donnees  sur  le  fuselage  et  <31  aretes  ou 
unions  d’aretes  tracc'es  sur  line  sphere.  Les  blocs  sont  regroupes  en  3  sous-domaines:  un  sous-domaine  en 
O  autour  du  fuselage  et  des  deux  autres  sous-domaines  (extrados  et  intrados)  conlenant  1’aile.  Le  trace'  des 
aretes  des  3  sous-domaines  (fig. 7)  perinet  de  verifier  la  bonne  prise  en  compte  de  la  topologie.  Les  maillages 
de  certains  couples  de  faces  opposees  des  diire'rents  sous-domaines  soul  montres  sur  les  figures  7a,  b  et  c. 
Celles-ci  permettent  de  ve'rifier  le  bon  fonctionnement  du  code,  mais  laissent  percevoir  la  necessite  de  mettre 
en  oeuvre  les  procedures  plus  gene'rales  e'voque'es  plus  haul  pour  la  construction  ge'ome'trique  des  aretes  et  la 
ge'ne'ration  des  maillages  sur  celles-ci,  ou  pour  (’optimisation  de  maillages  par  des  me'thodes  variationnelles 
telles  celles  de'crites  dans  la  partie  suivantc. 


OPTIMISATION  ET  ADAPTATION  VARIATIONNELLE 

De  nombreuses  me'thodes  variationneiles  existent  [2,  3|  pour  obtenir  des  maillages  posse'dant  les  quality's 
de  re'gularite  et  d’orthogonalite'  recommandecs  pour  les  calculs  ae'rodynamiques.  Celles-ci  reposent  pour  la 
plupart  sur  des  idees  intuitives  et  empiri(|ues  <|m  consistent  a  conside'rcr  le  maillage  comnic  un  treillis  de 
points  relies  par  des  ressorts  et  des  bnrres  de  torsions  assurant  la  regularite'  et  l’orthogonalite.  Bien  qu’un 
modele  me'eanique  soil  sous-jacent  a  ces  me'thodes,  celles-ci  ne  sont  pas  entierement  satisfaisantes  pour  de 
nombreuses  raisons  (5j.  Nous  rap|>elons  ici  les  principales  caracte'ristiques  d’une  ine'thode  variationnellc 
de'veloppee  pour  I’optimisation  et  I’adaplalion  de  maillages  structures  bi-  et  tridiinensionnels.  Un  modele 
me'eanique  est  la  encore  sous-jacent,  mais  fait  reference  a  la  niccaniquc  des  milieux  continus  par  opposition 
aux  m^thodes  prccedemmcnt  evoquees.  line  inesurc  de  In  deformation  des  inailles  peut  etre  definie  et 
permet  de  c|uantifier  le  qualite  du  maillage;  celte  quantile  est  alors  oplimisc'e  par  dcplnccnieut  des  noeuds 
dans  le  domaine.  Un  terme  de  c'ontrole  de  volume  apparait  naturellcinent  dans  les  fonclionnelles  obtenues, 
et  est  utilise',  conjointemenl  aver  la-mestire  de  la  deformation,  pour  (’adaptation  du  maillage  avec  controle 
de  la  deformation  des  inailles.  Plusieurs  exemples  tie  maillages  optimises  ou  adapt.es  sont  presentes  et 
illustrent  les  possibility  de  la  met hotle. 

Une  meg  u  re  de  la  deformation  du  maillage 

Nous  considerons  la  ine'thode  tie  maillage  coniine  la  discretisation  d’un  probleme  conti nil  t|ui  consiste  a 
trouver  une  transformation  x(()  du  cube  unite'  tie  reference  (espace  tlans  le  domaine  a  mailler 

(espace  x=(z,y,r)).  Pour  cela  nous  rnisonuoiis  en  consitle'rant  la  tlcTormation  tl’une  inaille  elementaire 
cubique  en  une  cellule  arbilraire  A  partir  tie  quatre  axiomes  et  proprietes  |5),  il  est  possible  tie  de'montrer 
qu’une  mesure  correcte  a  tie  la  deToruialion  flu  cube  unite'  tie  re'ference  dans  une  inaille  couranle  ne  depend 
que  des  invariants  |  I  I.,  tin  tenseur  ties  tleformal ions  C  associe'  a  transformation  x((): 

=  <r  (  !|  ,  iv  .  !3  ) 

OU 

F,  It  C  .  \.2  h  Cof  C  .  IM  <lri  C 

avec 

C  -  Vxl.Vx 
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On  impose  en  outre  que  a  depende  du  sens  d'orientatiou  de  la  eellule;  le  troisienie  invariant  l.(  n’etant  pas 
sensible  a  cette  orientation,  il  est.  alors  neeessaire  de  le  rcmplaecr  dans  I’exprcssion  de  a  par: 

J  =  det  Vx 

Ainsi,  on  a: 

*  =  *  (  I,  .  Ia  .  J  ) 

La  deuxieme  etape  consiste  a  s’assurcr  <pie  la  minimisation  de  la  fonctionnelle  a  est  un  probleme  bien 
pose.  Ceci  conduit  a  poser  des  hypotheses  sur  a  et  sur  scs  dcrivees  premieres  ct.  sccondes  pour  des 
transformations  dites  rigides  qui  conservcnt  la  forme  de  la  cellule.  Ces  transformations  ve'rifient  les  quatre 
proprietes  equivalentes  suivantes: 

i )  x(()  est  une  transformation  rigide  it' )  Vx  est  une  matrice  orthogonale  directe 

in  )  C  =  Id  et  J  =  J  iv  )  (  I,  ,  la  ,  .1  )  =  (  3  ,  3  ,  I  ) 

Pour  ces  transformations,  il  n’y  a  pas  deformation  de  la  cellule  a  est  stat ionnaire.  Nous  supposons  d’autre 
part  que  la  fonctionnelle  est  convexe  au  voisinage  des  transformations  rigides:  ces  conditions  assurent  les 
bonnes  proprie'tes  mathematiques  au  probleme  et  la  certitude  que  les  algorithmes  usuels  de  minimisation 
convergeront  elficacemcnt  vers  une  solution  unique.  II  est  alors  possible  de  caracteriser  la  fonctionnelle  et 
d’exhiber  des  fonctions  simples  (poly  ndmiales)  des  invariants  |r>|. 

•  En  2  dimensions,  on  considere  la  fonction: 

=  C  (  I,  -  2  J  )  5-  K  (  J  -  1  )2 

Cette  expression  fait  apparaitre  deux  termes  precedes  de  constantes  positives.  Le  second  terme,  (  J  -  I  )2, 
peut.  etre  interpre'te  coniine  un  terme  de  penalite,  interdisant  an  volume  V  de  la  maille  de  s’e'loigner  d’une 
valeur  prescritc  de  re'fc'rence  VR  f  (  J  — V/V[w  },  et  done  prohibant  le  de'verseinent  des  mailles.  Le  premier 
terme,  (  I(  -  2  J  ),  peut  quant  a  Ini  etre  interprete  coniine  une  formulation  "moindres  carres"  des  relations 
de  Cauchy-Riemann  qui  assurent  la  conformite'  du  maillage: 

-  yn  =  0  +  y(  =  o 

Cette  fonctionnelle  peut  aussi  etre  ulilisee  pour  I’optimisat ion  de  mnillagcs  sur  des  surfaces  gaudies  [bj. 

•  En  3  dimensions,  on  considere  la  fonction: 

=  C  (  I,  +  I2  -  C  J  )  t  K  (  .)  -  I  )2 

Cette  expression  peut  etre  intirprete  com  me  une  formulation  de  type  "moindres  carres"  des  proprietes  («-  iv). 
En  eiret,  cellcs-ci  sont  equivalentcs  a: 

v  )  F  ~  Cof  F  et  del  F  I  1 

ce  qui  conduit  directement  a  I’interprctal  ion  annonce'e  en  rrmnrqunnl.  que: 

II  F  -  Cof  F  ||2  —  I,  I  l2  -  U  J 

Outre  I’intcrpretation  prcccdemiuent  donnee  jiour  (  J  -  I  )-,  on  note  ici  que  ee  terme  complete  le  premier  en 
iinposant  que  F  soil  line  matrice  orthogonale  dircrle  (del  F  I  I  ) 

•  Prat  iqueinenl ,  la  methodc  lie  pent  etre  ulilisee  telle  quelle  a  et  :•  decrite,  en  luesurant  la  deforinat  ion 
des  cellules  par  rapport,  au  carre'  on  au  cube  unite:  il  parait  en  partieiilier  neeessaire  de  pouvoir  imposer 
des  rairiliements  dans  certaines  regions  du  ilomaine,  on  plus  ge'nernleiueut  de  coiistruire  line  fonctionnelle  a 
I’echelle  du  domainc.  (Via  est  ellectue  en  prenanl  lonuiie  refe'renee  un  parallelepipede  de  cotes  n  ,  6  et  c 
(soil  ()<{<(!  ,  ()<!/<<> .  IKf<r ).  on  ces  coefficients  dependent  de  la  maille  et  peuvent  etre  choisis  par 
I’utilisateur.  Pour  chaque  maille  on  element,  il  est  done  possible  de  de'liuir  une  contribution  e'lenieiit aire  a r 
mesurant  sa  deformation:  celle-ci  s’expriine  romme  une  fouetion  di-s  eoordonnees  des  noeuds  <le  I  element . 
Par  soniination  de  ces  contributions,  on  roust  mil  une  quantite'  glolude  E  mesurant  la  qualite  de 
deforinat  ion  du  maillage.  le  maillage  est  alors  obtenii  par  minimisation  de  E.  fonction  des  coordonne'es  des 
noeuds  de  I’ensemble  du  maillage 

D’iiii  point  de  vui'  iiuim-rique.  la  fouct ionnelle  sVxprime  en  louction  des  coordonne'es  des  noeuds  du 
maillage  coniine  des  polvnomes  de  ilegre  2N  (N  designant  la  dimension  de  Cespaee).  Pour  la  minimisation, 
on  utilise  un  algorilhme  de  gradient  eoujugue  dans  lequcl  l‘«:iap<-  de  deseente  et  la  recherche 
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unidijiiensionnfllt.-  <l'im  iniiiiimini  conduit  a  rnnmilal ion  d  un  |>oly iioint*  dc  deg  re  2 N—l.  1!  a  bien  ete' 
verifie  que  la  proprietc  de  convcxile  est  noce'ssaiie  a  Liinicile  d’linc  racine  reelle  pour  ce  polynome  et  done 
au  bon  deroulement  de  I’algorilhme. 


Adaptation  du  maillage 

Les  fonctionnellcs  miscs  en  evidence  en  2  el  3  dimensions  out  en  roinmun  de  faire  apparailre  nil  terme 
de  controle  de  volume  de  la  maille: 


"vol  =  K 


J  - 1 


II  parait  interessant  d’utiliser  ce  terme  pour  adapter  le  maillage  a  uu  phe'nomene  'physique  el-udie,  e’est  a 
dire  pour  rafTiner  oil  appauvrir  le  maillage  dans  certaines  regions.  Ceci  pent  etre  fail  a  pres  le  calcul  dune 
solution  obtenue  dans  nil  maillage  initial,  ou  ite'rativement  au  cours  du  processus  de  calcul  dc  la  solution. 
L’adaptation  consiste  done  a  deplacer  les  noeuds  en  les  resserrant  dans  certaines  regions.  Cela  est  effectue 
par  minimisation  des  fonctionnellcs  introduites  oii  l’on  a  remplace  <Tyol  par  <7^  avec 

'"adapt  “  K  (  OJ  J  -  |  f 

Dans  cette  expression,  t j  est  un  poids  qui  peut  etre  calculi'  en  fond  ion  d'csl  iuwit  ions  posteriori  dYrreur 
afin  de  minimiser  celle-ci  dans  le  domaine.  Si  on  ne  dispose  pas  de  lelles  eslimations,  le  coefficient  ui  pent 
etre  obtenu  comine  une  fonclion  d’une  quantite  physique  ou  de  son  gradient,  par  excmple  la  pression,  le 
nombre  de  Mach  ou  I’entropie.  C’cst  cette  derniere  approche  qui  a  e'te'  testee  el  dont  nous  montrons  les 
re'sultats  dans  le  parngraphe  suivant. 

Afin  de  garantir  les  bonnes  proprie'te's  metriques  du  maillage,  et  conlroler  la  deformation  des  cellules  au 
cours  de  l’adaptation,  it  est  ne'cessnire  de  faire  intervenir  le  poids  dans  le  premier  terme  des  fonctionnelles, 
et  de  faire  un  clioix  approprie  pour  la  cellule  de  rc'fe'rence.  Considerons  line  cellule  dans  le  maillage  initial; 
cette  cellule  peut  etre  approchc'c  par  un  paralle'le'pipcdc  de  cotes  a  ,b ,  et  r.  La  cellule  de  rc'fe'rence 
recherche'e  a  un  volume  egal  a  uiabc  ,  niais  il  fan t.  rc'pnrtir  le  poids  u)  outre  les  trois  cote's.  Cela  est  fait  en 
faisant  intervenir  les  cosinus  directeurs  n|t  »2  et  «3  du  gradient  dc  la  quantile  physique,  calcules  par 
rapport  au  triedre  forme  par  les  vocteurs  a,  b  et  c;  la  cellule  de  reference  clioisie  est  un  parallelepipede  de 
cotes: 

2  2  2 

"I  ,  "2  «3 

aw  ,  bw  et  (u 

Quand,  par  excmple,  le  gradient  est  parallelc  au  cote  a  (n^l,  n  ,,=  n  .,=0),  r’esl  dans  cette  direction  que  les 
plus  grandes  variations  du  champ  physique  out  lieu:  par  le  inoven  deceit,  (adaptation  a  done  tendance  a 
raffiner  dans  cette  direction.  Le  poids  clioisi  w  s’ecrit  [8|: 


(I  -  |v.  | ) 


|V. 


oii  |Vti|  designe  la  valeur  ramene'e  nitre  0  et  1  du  gradient  d’ime  quantile  physique  clioisie,  et  et  w  sont 
deux  eonstantes:  I'uiie  esi  clioisie  pour  ralfiner  dans  les  regions  de  Toi  l  gradient  («,'  -  I )  el  I  'a litre  est  ajustee 

de  telle  sorlc  que: 


f  w(x  )  tlx  =  [  dx 
•’ll  -'ll 


Resultats 

Dans  cette  section,  nous  presenlons  des  maillages  qui  onl  ele  ohtenus  par  la  melhodc  precedeiiiment 
decrite.  Nous  mentionnons  tout  d’abord  certaines  references  j.r>-8|  d  ins  lesquelles  la  rolnislosse  de  la 
rnethode  etait  illiislrce  pour  le  cas  hidimensionnel,  en  part iculier  sa  faetille  a  reslituer  un  maillage 
orthogonal  a  parlir  d  une  initialisation  tout  a  fait  arbitraire  (initialisation  alealoire):  en  2  dimensions,  la 
memo  proprietc  a  etc  observee  pour  la  functionm-lle  r>M. 

La  figure  2a  represent ••  tin  domaine  autour  d  une  nube  de  turbine  |,a  lopolugie  est  dite  ll-C  ear  t- lie 
presente  deux  sous-domaines  :  un  sous-domainc  en  C  autour  du  prolil  et  uu  sous-domaine  en  II  en  amont. 
Le  maillage  presen  le  a  ele  obtenu  par  minimisation  de  la  lonct ionttelle  <J.,(  scparcincul  dans  cliacun  des 
sous-domaines.  Cette  minimisation  perniet,  dans  uu  premier  temps,  en  laissanl  les  noeuds  mobiles  stir  les 
cotes  des  sous-domaines,  de  ronslruirc  deux  families  oil hogonalcs,  ees  families  soul  eitsuite  ulilisees  comine 
system?  de  paramc'lrisalion  du  domaine  el  permeltent  par  inlerpolal  ion  de  const  mire  les  lignes  de  maillage 
passant  par  les  points  voulus  siir  les  fronlieres.  Celle  inlerpolal  ion  algchriqiic  permit  d  assurer 
I’ortliogonalite  aux  fronlieres  de  eliaeiiu  des  sous-domaines.  el  en  parlirulier  la  rontinuile'  de  pente  mix 
linterfaees. 

La  nielhode  d  adaptation  a  ele  utilisee  eu  deux  |t>|  el  Irois  dimensions  ,7|  et  a  permis  d  ame'liorcr 


sensiblement  la  qualite  de  solutions  d’reoiilements  oblemies  par  resolution  des  filiations  d 'Euler  pour 
diverses  configurations:  (’adaptation  permet  d’alteindre  avcc  tin  maillage  moyeii  adaptc  line  precision  qui 
aurait  necessite'  un  maillage  fin  non  adapte.  Nous  presentons  ici  un  cxemple  qui  a  etc  traite  dans  le  cadre 
de  la  simulation  nume'rique  d’un  essai  cn  soufflerie,  portant  sur  I’c'tude  du  pilotage  en  force  du  missile 
ASTER  a  tres  haute  altitude  [dj.  L’interaction  d’un  jet  late'ral  et  d’un  ecoulement  supersonique  externe 
cree,  en  amont  de  la  sortie  du  jet,  un  choc  detache',  principal  point  d’interet  de  cette  simulation  avec  sa 
reflexion  sur  la  paroi  de  la  soufllerie. 

Un  maillage  initial  est  construit  plan  par  plan  avec  les  conventions  suivantes: 

-  plan  amont  :  k=l  et  plan  aval  :  k=85. 

-  surface  du  missile  :  j=l  et  paroi  de  la  soufllerie  :  j=19. 

-  plan  de  syme'trie  :  i=l  et  i=82  (dont  le  plan  du  jet  :  i=l). 

La  densite  a  ete'  retenue  comme  parainctrc  d’adaptation,  la  resolution  des  e'quations  d’Eulcr  a  ete' 
eflectuee  avec  le  code  EI.U3C  (l|  a  I’ Aerospatiale.  La  Figure  8  represente  la  topologic  et  le  maillage  dans  un 
plan  perpendiculaire  a  I’axe  du  missile  (|)lan  k  =  1 )  ainsi  (|ue  les  lignes  iso-densite  dans  le  plan  du  jet  (plan 
>=!)• 

Le  maillage  a  ete'  optimise'  et  a  etc'  utilise  pour  calculer  une  nouvelle  solution  (f  ig.!)).  L’exainen  de 
celle-ci  [8]  a  montre  que  I’adaplalion  permet  de  decrirc  le  pied  du  choc  aver  plus  de  precision  et  cn 
particulier  laisse  apparaitre  une  discon t inuite  de  contact  non  deeelee  sur  le  maillage  initial;  (’adaptation  du 
maillage  a  e'galement  pennis  de  mieux  pre'dire  la  reflexion  du  choc  sur  la  paroi  de  la  soufllerie. 

CONCLUSION 

Une  me'thode  pour  la  construction,  I’optimisation  et  (’adaptation  de  mnillages  structure's 
tridimensionnels  a  ete'  pre'sente'e.  Celle-ci  se  caractcri.se  par  une  premiere  eta  pc  purement.  nlgcbrique  qui 
necessite  des  inoyens  de  calcul  pen  puissanls,  des  possibilities  graghi<|ues  importnntcs  et  une  forte  inter¬ 
action  de  I’inge'nieur;  cet  te  etape  permet  de  construin',  rapidement  et  interactivement ,  un  premier  maillage 
qui  peut  evcntuellenient  supporter  un  calcul  ae'rodynamique.  La  seconde  etape  variationnelle  necessite  des 
moyens  de  calcul  importants  surtout  en  temps  de  calcul;  elle  est  par  contre  aulomatisi'e  et  ne  demande  pas 
d’intervention  de  I’ingenieur.  La  maillage  obtenu  a  la  suite  de  cette  c'tape  permet  de  calculer  des  solutions 
d’excellentes  qualite's. 

Ces  deux  e'tapes  sont  encore  de'couple'es  et  un  imporatnt  travail  roste  a  faire  alin  d’obtenir  un  outil 
ge'ne'ral.  Certains  aspects  n’ont  d’autre  part  pas  etc'  evoque's  dans  cet.  article  mais  font  l’objet 
d’approfondissement  et  de  recherche:  interface  CAO-maillage,  definition  et  traitement  des  surfaces,  choix  du 
critere  d’adaptation. 
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Figure  1:  Decomposition  Multidomaine 


Figure  2:  Non  Unicite  de  la  Decomposition 


a)  Plan  Medirien 
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b)  Plan  Radial: 
Topologie  H-O 


c)  Plan  Radial: 
Topologie  0-H 


Figure  3:  Topologies  pour  un  Maillage  autour  d’une  Nacelle  Creuse 


Figure  9:  Maillage  Adapte 
(plans  i  I.  j  1.  k  I  el,  25) 
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SUMMARY 

In  this  paper,  efforts  aimed  at  bringing  a  multiblock  grid  generation  system  to  the  state  of  maturity 
necessary  for  practical  use  are  discussed.  Attention  is  focused  upon  the  interrelated  areas  of 
topology  generation  and  grid  control.  An  algorithm  for  automat ical ly  decomposing  a  flow  domain  about 
an  aircraft  configuration  into  a  component-adaptive  topology  given.  Two  techniques  for  controlling 
the  resulting  grid  topology  are  described.  The  first  automatically  produces  default  grids,  which  will 
generally  be  of  an  acceptable  quality.  The  second  is  a  user-friendly  interactive  grid  editor  which 
allows  any  deficiencies  in  the  default  grids  to  be  rapidly  identified  and  modified.  The  paper 
concludes  wiin  examples  of  the  multiblock  approach  applied  to  a  range  of  aircraft  geometries. 


1  INTRODUCTION 

The  analysis  ot  transonic  flows  about  realistic  aircraft  configurations  is  of  considerable  importance 
in  the  design  of  military  and  commercial  aircraft.  The  importance  of  such  a  flow  regime  to  practical 
aircraft  design  arises  from  the  need  to  maintain  a  w’gh  aerodynamic  efficiency  in  the  ^peed  regime 
where  compressibility  effects  become  substantial.  For  transport  ai  'craft  this  is  necessary  to  ensure 
efficient  high  speed  cruise,  whilst  for  combat  aircraft,  it  may  p'ovide  a  useful  extension  ».n  the 
manoeuvre  flight  envelope. 

As  the  level  of  sophistication  foi  mathematically  modelling  compressible  flow  has  developed,  and  the 
effective  cost  of  computing  a  givei  solution  has  reduced,  there  has  been  an  increasing  demand  t.o 

introduce  the  use  of  t.he  best  currently  available  flow  model  into  the  design  environment.  To  date, 

the  solution  techniques  that  have  been  devised  for  the  higher  order  equations  which  govern  fluid 
motion  require  the  flow  domain  to  be  discretised  into  a  set  of  points  known  collectively  as  a  grid. 
In  spite  of  this,  developments  in  grid  generation  have  continually  lagged  well  behind  progress  in  flow 
algorithm  development.  The  extent  of  this  can  be  seen  by  contrasting  the  maturity  of  Euler  solvers1*2 
with  the  isolated  reports  of  grids  constructed  nbout  complete,  powered  aircraft.'1  If  computational 
fluid  mechanics  is  to  fulfil  its  potential  and  become  a  major  tool  for  use  by  an  aerodynamic ist  at 
various  stages  of  a  project  design,  then  mesh  H'.’norators  need  to  be  brought  to  a  level  of  maturity 
whereby  it  is  possible  to  handle  shapes  of  arbitrary  generality  with  ease.  Anything  short  of  this 
will  inevitab’v  affect  the  long  term  application  of  any  approach  to  modelling  flow  behaviour. 

This  paper  focuses  or.  efforts  aimed  at  ^ringing  a  multiblock  grid  generation  system  to  the  state  of 

maturity  required  for  practical  use1*0.  Existing  multiblock  methods  rely  heavily  on  user- interact  ion . 
Complete  automation  of  such  systems  is  not.  feasible  since  each  configuration  invariably  possesses 

distinct,  geometric  characteristics  neces- .  t  at.  1  ng  individual  attention.  However,  to  ease  the  burden 
imposed  on  the  non- spec;  la  1 i st ,  a  steady  move  is  being  made  towards  introducing  automation  to  those 
elements  for  which  such  an  approach  is  practical.  An  algorithm  for  automating  the  construction  of 
component-  adaptive  grid  topologies  about  a  practical  range  of  aerodynamic  geometries  is  outlined.  A 
second  interfusing  algorithm  which  drives  the  distribution  of  points  on  the  boundaries  and 

subsequently  within  the  domain  is  discussed.  Since  a  sizeable  amount  of  user- i  nt.eract  i  on  will  always 

be  necessary  in  the  successful  application  of  multiblock  systems,  an  interactive  surface  grid  editing 

facility  has  been  designed  as  an  aid  to  t he  non-specialist.  This  graphical  mechanism  for  viewing  and 
modifying  g,  id  deficiencies  is  described.  The  power  of  the  multiblock  technique,  which  is  coupled 
with  an  Euler  algorithm,  is  illustrated  with  grids  and  flow  results  for  a  var.ety  of  complex  aircraft 
ronf 1 gurat i ons . 

2  GENERAL  PR I Nr l PLES  OF  MULT I BLOCK  GRID  GENERA" 

The  multiblock  approach  to  grid  generation  whit...  ises  the  basic  concept  of  block  st.uct.ured  grids 

has  been  w»;ll  documented.  *'* ^  Each  component  o;  a  complex  aircraft  configuration  favours  its  own 
natural  type  of  grid  strut,  lure.  For  example,  a  wing  may  favour  a  T’  grid  structure  whilst  for  a 
fuselage  a  polar  *0*  grid  structure  may  be  a  more  suitable  choice.  The  philosophy  behind  our  approach 
is  to  incorporate  th*  most  natural  structure*?  around  ^ach  component  within  a  global  ('artesian 
structure.  The  flow  domain  is  decomposed  into  a  set  of  non-overlapping  blocks,  with  the  constraint, 
that  a  single  boundary  condition  type  be  associated  with  each  fa<**  of  each  block.  Each  block  maps  t \ 
a  cuboid  in  enmput at  ional  space.  The  arrangement  of  blocks  with  respect  *o  each  other  defines  the 
topology.  For  grid  generation  purposes,  a  Pirichlet  (fixed)  boundary  condition  is  imposed  at  block 
faef-s  which  lie  on  the  cf  i  gurat  i  on  or  on  the  fartield  boundary  of  tie*  flow  domain.  The  other  block 
fac*»s  which  lie  within  the  interior  of  *  he  domain  are  given  a  continuity  condition.  Grid  points  on 
such  faces  will  be  trea'ed  in  the  same  manner  a>  points  within  a  block  in  ensure  that  grid  lines  pass 
smoothly  between  adjacent  block  boundaries. 

A  set  of  noi. -linear  elliptic  partial  differential  equations  (based  <ui  the  ideas  of  Thompson,  Thames 
and  Mastin^)  are  used  to  generate  grid  points  within  the  flow  domain.  Tin*  equations  are  of  the  form 

g1  i  Xgig.j  =  -p1  Ygi  (  1  ) 

where  g‘J  are  the  metric  terms,  p1  'he  control  functions,  X  the  physical  grid  point  coordinates,  with 
t  he  tensor  notation  i  ,  )  taking  *  h»-  values  1,  2  and  3. 


The  geometry  for  each  component  of  the  configuration  under  consideration  is  defined  separately  by  an 
arbitrary  set  of  cross-sections  of  the  component.  The  Coons  bicubic  patch  technique^  is  used  to 
obtain  a  continuous  description  of  the  surface  of  each  component  in  terms  of  its  own  pair  of 
parametric  coordinates  ( non-dimensional ised  surface  distances  (s,t)  along  and  across  the  input 
cross-sections  defining  the  geometry).  The  equations  for  a  given  bicubic  patch  are  of  the  form 

X  =  AMBt  (2) 

where  X  =  (x,y,z),  A  =  (a3  a2  a  1),  B  :  (t3  t2  t  1)  and  M  is  a  matrix  consisting  of  parametric 
derivatives  of  X  and  some  blending  functions.  This  continuous  description  of  each  surface  enables  the 
intersections  between  adjacent  components  to  be  determined  using  a  Newton-Raphson  technique. 

Surface  grids  are  generated  in  terms  of  the  parametric  representation  of  each  component  usirg  the 
equivalent  two-dimensional  form  of  Eq  (1).  The  two-dimensional  topological  structure  associated  with 
each  component  surface  is  derived  automatically  from  the  global  grid  topology.  The  method  of  Thomas 
and  MiddlecoffH  is  employed  to  control  the  distribution  of  grid  points  on  the  surfaces.  This  method 
of  grid  control  will  be  discussed  further  in  subsequent  sections.  Briefly,  grid  points  are  fixed  in 
position  along  the  Dirichlet  boundaries  of  each  grid,  the  control  functions  in  equation  (1)  are 
determined  on  the  boundaries,  and  are  then  interpolated  throughout  the  topological  structure  of  the 
grid.  Thus,  the  distribution  of  points  on  the  boundaries  directly  influences  the  positioning  of  grid 
points  within  the  grid  domain.  The  grids  computed  on  the  geometry  and  farfield  boundary  surfaces  are 
then  mapped  back  to  physical  space  and  used  as  fixed  Dirichlet  data  for  computing  the  grid  point 
distribution  throughout  the  flow  domain. 

3  TOPOLOGY  CONSTRUCT ION 

The  ideas  upon  which  multiblock  is  based  allow,  for  a  given  configuration,  a  wide  variety  of 
topological  structures  to  be  assembled.  In  practice,  however,  grid  topology  and  grid  control  are 
closely  related  and  a  poor  choice  of  topology  may  result  in  an  inferior  quality  grid.  Consequently, 
alternative  grid  topologies  can  have  noticeably  different  effects  on  flowfield  solutions.  Isolating 
which  is  the  most  suitable  topology  for  a  given  geometry  is  not  an  easy  task.  Furthermore,  the 
generation  of  all  of  the  necessary  information  for  connecting  blocks  is  a  tedious  job  for  even  the 
most  experienced  method  developers.  Such  an  exercise  is  very  time  consuming  and  extremely  difficult 
to  visualise.  As  a  further  complication,  a  minor  alteration  to  the  geometry  definition  may 
necessitate  major  changes  to  the  topology  structure. 

The  information  stored  within  the  topology  data  file  controls  the  grid  generation  and  flow  solution 
processes,  and  it  is  therefore  vital  that  the  data  be  set  up  efficiently  and  error  free.  The  ability 
to  view  some  or  all  of  the  stages  followed  in  the  construction  of  a  suitable  topology  is  essential. 
To  encourage  the  use  of  the  multiblock  technique,  it  is  necessary  to  steer  efforts  towards 
establishing  a  user-friendly  environment  in  which  the  topology  information  can  be  readily  defined  and 
the  resulting  block ^structure  examined.  This  requirement  has  led  to  the  development  of  a  topology 
generation  algorithm1'®  which  has  absorbed  much  of  the  necessary  expertise,  leaving  the  user  free  from 
the  responsibility  of  specifying  block  connectivity  data.  Component-adaptive  topologies  can  be 
generated  quickly  (typically  five  minutes  for  the  examples  shown)  to  ease  the  search  for  the  most 
suitable  topology.  As  the  topology  generation  algorithm  decomposes  the  domain  it  stores  data  relating 
to  the  relative  locations  of  the  individual  components  within  the  topological  structure.  This 
information  controls  the  boundary  grid  point  spacings  which  would  otherwise  require  considerable  user 
effort  if  defined  interactively. 


3.1  Topology  Generation  Algorithi 


The  topology  algorithm  follows  three  fundamental  steps.  Firstly,  the  domain  about  a  representative 
schematic  of  the  configuration  is  split  up  to  define  a  Cartesian  'H'  block  structure.  As  discussed 
earlic;,  this  decomposition  is  bound  by  the  constraint  that  one  boundary  condition  be  applied  at  each 
block  face.  Secondly,  the  layers  of  blocks  lying  either  side  of  the  individual  components  are  split 
in  two,  forming  two  layers,  to  enable  local  grid  structures  to  be  embedded  around  each  component. 
Finally,  new  blocks  are  added  to  the  global  Cartesian  framework  as  required  to  create  the  appropriate 
’C’  or  'O'  structures  around  each  component. 


This  process  is  illustrated  here  in  two  dimensions  (Figure  1).  Given  an  aerofoil  AA’  within  a  finite 
rectangular  domain  BCDE  (Figure  la),  consider  the  mapping  to  a  computational  domain  (Figure  lb)  with 
coordinate  system  (E,C).  The  aerofoil  profile  maps  to  a  horizontal  slit  AA’ .  The  domain  is  then 
subdivided  into  a  Cartesian  topology  allowing  for  a  single  boundary  condition  at  each  side  of  each 
block.  For  this  case  the  domain  decomposes  to  a  minimum  of  six  blocks  (Figure  lc).  The  layers  of 
blocks  lying  above  and  below  the  aerofoil  schematic  are  split  (from  H  to  H’  and  from  G  to  G'l  to  give 
twelve  blocks  (Figure  Id).  The  addition  of  two  blocks  at  the  leading  edge  of  the  slit  (st  A)  produces 
an  embedded  'C'  grid  structure  (Figure  le).  By  adding  two  further  blocks  at  the  trailing  edge  (A’), 
an  '0'  grid  structure  (Figure  If)  is  obtained. 


This  process  transforms  readily  to  a  wing,  with  a  Cartesian  modelling  of  the  tip,  by  stacking  either 
of  the  structures  in  Figures  le  and  If  in  the  spanwise  direction.  Three-dimensional  topologies  are, 
however,  more  usually  defined  by  combining  these  structures  as  appropriate. 
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generation  In  Three  Dimensions 


A  truly  three-dimensional  application  of  the  topology  generation  algorithm  is  illustrated  using  the 
wing-fuselage-three  pylon-store  configuration  shown  in  Figure  2a.  A  basic  schematic  representation  of 
the  configuration  (Figure  2b)  is  the  only  geometric  data  required.  It  is  used  to  inform  the  algorithm 
of  the  relative  position  of  components.  The  schematic  is  Jef'w.d  in  terms  of  a  computational 
coordinate  system  representing  the  flow  domain  (E,r\,C).  The  domain  itself  is  represented  by  a  cube  of 
dimensions  1000  x  1000  x  1000.  Each  component  of  the  configuration  is  represented  as  a  rectangular 
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plane  in  the  schematic.  The  user  is  required  to  define  each  of  these  planes  by  specifying  the  four 
corner  points  of  the  plane  in  computational  coordinates.  Since  each  component  is  finite  in  size,  each 
must  be  defined  within  the  dimensions  of  the  domain.  In  fact,  the  only  boundary  of  the  domain  on 
which  corner  points  may  be  defined  is  the  n  =  0  boundary  which  represents  the  plane  of  symmetry.  The 
absolute  dimensions  of  the  planes  are  immaterial.  The  relative  positioning  of  the  schematic  planes 
signifies  the  relative  physical  positions  of  components.  Each  component  is  represented  by  a  plane 
which  is  constant  in  the  most  appropriate  coordinate.  For  example,  the  fuselage  is  represented  by  a 
plane  of  constant  n  whilst  a  plane  of  constant  C  corresponds  to  the  wing.  Thus,  for  the  components  of 
the  configuration  shown  in  Figure  2a,  the  following  information  is  specified. 

a)  Fuselage:  plane  of  constant  n,  corners  (200,0,200),  (800,0,200),  (200,0,800)  (800,0,800) 

b)  Wing:  plane  of  constant  C,  corners  (400,0,500),  (600,0,500),  (400,200,500),  (600,200,500) 

c)  Pylons:  planes  of  constant  r\»  corners  ( 450 ,Hp, 300 ) ,  ( 450 ,Hp,  500  )  ,  (  550 , r\p, 300  )  ,  (  550 ,r\p, 500 ) 

with  rip  =  50,  100  and  150  to  represent  the  differing  spanwise  positions 

d)  Store:  plane  of  constant  C,  corners  (300,75,300),  (300,125,300),  (700,75,300),  (700,125,300). 

The  fuselage  schematic  is  defined  at  r\  =  0  since  it  intersects  and  is  symmetric  about  the  plane  V  =  0 
(ie  the  plane  of  symmetry).  The  schematic  plane  representing  the  wing  is  defined  so  that  it 
intersects  the  fuselage  plane.  Each  of  the  pylons  intersect  the  wing  and  this  is  indicated  by 
specifying  the  chordwise  S  coordinates  for  each  inside  the  limits  of  those  defined  for  the  wjng.  The 
middle  pylon  also  intersects  the  store,  so  its  chordwise  coordinates  must  also  lie  inside  the  range  of 
those  defined  for  the  store.  The  nose  of  the  store  extends  upstream  of  the  wing  leading  edge  and  the 
rear  extends  downstream  of  the  wing  trailing  edge  and  this  ii.  denoted  by  the  relative  S  coordinates  of 
the  two  components. 

Armed  with  the  schematic  definition  of  the  configuration,  the  topology  generation  algorithm  can 
proceed  to  construct  a  component-adaptive  topology.  A  topology  consisting  of  1246  blocks  may  be 
derived  from  the  information  provided  for  this  configuration.  The  Cartesian  framework  of  the  topology 
can  be  examined  during  the  construction  process  by  viewing  the  projection  of  the  schematic  onto  planes 
constant  in  one  of  the  computational  coordinates  (Figures  2c-e).  The  topology  algorithm  has  added 
layers  of  blocks  either  side  of  each  component  to  allow  the  'O’  and  ’C’  structures  to  be  embedded 
(section  6.1).  The  computer  code  incorporating  this  allows  the  optional  interactive  addition  and 
removal  of  layers  of  Cartesian  blocks.  A  limited  number  of  points  may  be  assigned  to  each  block,  so 
the  addition  of  extra  layers  allows  more  points  to  he  added  in  a  given  direction  if  found  necessary. 
The  facility  for  removing  layers  of  blocks  may  be  used  to  remove  redundant  layers,  for  example,  when 
an  ’H’  grid  structure  is  to  be  used  instead  of  a  * C *  grid  structure  for  which  extra  layers  are 
automatically  provided  (step  2  of  the  topology  generation  algorithm).  For  example,  the  arrows  in 
Figure  2c  point  to  two  layers  of  redundant  blocks  which  may  be  removed  from  the  default  Cartesian 
structure  defined  for  this  configuration  to  produce  a  1040  block  topology.  This  configuration  is 
discussed  further  in  section  6. 

4  DISCUSSION  ON  GRID  .CONTROL 

The  method  of  Thomas  and  Middleeoff^  is  employed  to  control  the  distribution  of  points  within  the 
grid  domain.  On  the  assumption  that,  grid  lines  transverse  to  the  Dirichlet  boundaries  are  locally 
orthogonal  to  the  boundary  and  have  zero  curvature  at  the  boundary,  limiting  forms  of  Eq  (l)  allow  the 
control  functions  pi  to  be  determined  based  purely  on  the  distribution  of  points  on  the  boundary.  The 
control  functions  are  then  interpolated  throughout  the  topological  structure  of  the  grid  to  ensure 
that  the  arid  stretching  within  the  grid  domain  reflects  the  spacing  on  the  Dirichlet  boundaries. 

This  method  is  first  used  to  control  the  generation  of  grids  on  the  surface  of  each  component. 
Surface  grid  generation  reduces  to  grid  generation  in  two  dimensions  since  the  surface  of  each 
component  maps  to  a  two-dimensional  rectangular  domain  in  the  surface  parametric  coordinate  system. 
The  method  due  to  Thomas  and  Middlecoff  therefore  only  requires  grid  points  to  be  predefined  on  the 
rectangular  boundary  and  along  the  intersection  boundaries  with  other  components.  A  geometry 
intersection  package  provides  the  necessary  stretchings  along  configuration  component  intersections. 
The  other  boundaries  correspond  to  intersections  with  the  flowfield  boundaries  or  to  the  trailing 
edges  and  tips  of  the  component  surfaces.  When  combined,  the  Dirichlet  boundaries  on  each  surface 
form  a  number  of  distinct  closed  contours. 

The  process  of  distributing  points  along  the  Dirichlet  boundaries  depends  upon  the  topology  structure 
and  knowledge  of  the  relative  positions  of  other  components.  This  would  prove  to  be  a  laborious  job 
if  undertaken  interactively  and  would  require  a  number  of  iterative  steps  before  satisfactory  grid 
quality  is  achieved.  To  ease  this  situation,  an  algorithm  has  been  developed  to  position  points  along 
the  Dirichlet  boundaries  of  each  component  whilst  being  sensitive  to  the  relative  positions  of  other 
components.  This  method  forms  the  basis  of  the  default  surface  grid  generation  system. 

The  topology  generation  algorithm  sets  up  a  list  of  descriptors  which  are  associated  with  features  of 
the  geometry  and  topology  and  assigns  them  to  particular  block  edges.  This  information  drives  the 
grid  control  algorithm.  It  traces  each  Dirichlet  contour,  and  examines  any  descriptor  associated  with 
a  transverse  edge.  Grid  points  are  then  clustered  towards  the  point  at  which  the  Dirichlet  contour 
crosses  such  an  edge.  The  example  illustrated  in  Figure  3,  which  utilises  the  two-dimensional 
topology  schematic  shown  in  Figure  le,  indicates  how  the  algorithm  is  used  to  control  the  grid  near 
the  trailing  edge  of  an  aerofoil.  The  boundary  at  the  aerofoil  surface  will  already  have  a  fixed 
point  distribution  defined.  The  grid  control  algorithm  therefore  only  needs  to  examine  the  outer 
Dirichlet  contour.  Starting  at  a  nominal  point  downstream  of  the  aerofoil  trailing  edge,  the 
algorithm  follows  the  contour  in  an  anticlockwise  direction  until  it  meets  a  transverse  edge  with  an 
associated  descriptor.  In  this  example,  the  first  transverse  edge  met  with  such  a  descriptor  is  a 
vertical  edge  above  the  trailing  edge  of  the  aerofoil  with  the  de«»rriptor  WTNOTRX.  This  descriptor 
iiuorms  the  algorithm  to  fix  a  point  on  the  boundary  directly  above,  and  also  below,  the  aerofoil 
trailing  edge  and  gathers  points  either  side  of  them. 
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5  INTERACTIVE  GRID  EDITING  FACILITY 

The  quality  of  the  grids  on  the  surfaces  of  the  configuration  and  the  fsrfield  boundaries  have  a 
direct  effect  on  the  properties  of  the  grid  within  the  flow  domain.  The  quality  of  a  grid  may  be 
simplistically  assessed  by  examining  the  local  skewness,  smoothness,  aspect  ratio  and  stretching  of 
grid  cells.  Since  the  surface  grids  are  used  as  Dirichlet  data  for  the  generation  of  a  global 
three-dimensional  grid,  any  such  deficiencies  exhibited  by  them  will  be  propagated  into  the  field,  and 
may  have  an  adverse  effect  upon  the  flow  solution. 

The  default  grid  generation  system  described  above  offers  a  limited  number  of  methods  for  altering  the 
distribution  of  points  on  the  surface  grids.  The  method  adopted  for  controlling  surface  grids 
requires  that  predefined  point  distributions  or  stretchings  be  fixed  on  the  Dirichlet  boundaries  as 
already  discussed.  A  few  of  these  prespecified  boundary  stretchings  may  be  modified.  For  example, 
points  along  the  trailing  edge  of  the  wing  can  be  repositioned  using  a  cubic  or  linear  point 
distribution.  Alternatively  points  lying  along  the  intersection  line  between  two  components  may  be 
redistributed  by  recalculating  the  intersection  line  using  a  Newton-Raphson  technique.  The  only  other 
means  for  modifying  surface  grids  is  the  use  of  factors  by  which  the  strength  of  the  source  functions 
p1,  Eq  (1),  is  multiplied  in  certain  predefined  regions.  For  example,  for  the  surface  grid  on  a 
wing-body-foreplane  configuration,  the  :C’  grid  structures  around  the  leading  edges  of  the 
intersections  with  the  wing  and  foreplane  can  be  controlled  by  user  defined  input  parameters.  The 
successful  use  of  this  technique  is  again  likely  to  be  an  iterative  one  which  can  only  locally  modify 
grids  whici  already  exhibit  the  basic  qualities  desired  of  a  grid. 

The  methods  discussed  here  have  bi.-en  used  with  considerable  success  to  generate  grids  on  a  variety  of 
configurations.  Experience  has  nowever  shown  that  these  grid  control  methods  have  some  clearly 
identifiable  restrictions.  The  grid  point  distribution  algorithm  is  insensitive  to  local  changes  in 
geometry  for  a  given  component.  For  instance,  in  distributing  points  along  the  trailing  edge  of  a 
wing,  the  algorithm  makes  no  attempt  to  determine  whether  the  wing  has  a  crank  in  it.  Also, 
experience  has  shown  that  the  detailed  control  of  grids  which  are  expected  to  stretch  according  to 
large  variations  in  length  scales  of  a  given  domain  can  be  \  demanding  task.  This  problem  is 
exaggerated  if  components  are  closely  coupled  as  will  be  illustrated  for  a  multi-element  aerofoil 
case.  In  addition,  poor  quality  grids  may  be  a  result  of  unsuitable  topology  structures  or 
insufficient  numbers  of  points  in  a  given  direction.  Finally,  for  a  grid  generation  scheme  to  be 
robust  it  is  essential  to  provide  a  flexible  mechanism  for  unfolding  grids  in  regions  that  have 
crossed  over,  and  for  improving  where  necessary  the  qualitative  features  of  a  grid. 

The  issues  raised  above  have  motivated  the  development  of  an  interactive  surface  grid  editing  facility 
to  complement  the  default  grid  generation  system.  The  system  is  run  in  conjunction  with  the  surface 
grid  generator.  A  set  of  default  grids  is  generated  on  the  surfaces  of  the  e^nf  igu*  at  ion  and  the 
farfield  boundaries  and  the  grid  generator  identifies  if  any  regions  of  a  grid  have  crossed  over.  The 
grids  may  be  examined  in  detail  using  available  plotting  packages  so  that  the  quality  of  each  may  be 
assessed.  If  the  methods  provided  by  the  default  grid  generation  system  offer  no  further  improvement 
to  the  grids,  the  interactive  facility  can  then  be  implemented.  The  editing  facility  is  a  menu 
driven  program  which  employs  standard  graphics  software  to  allow  surface  grids  to  be  viewed  and 
modified  in  a  suitable  format.  The  menu  provides  a  selection  of  options  for  interactive  control  of 
the  /iew  and  edits. 


Surface  grids  are  initially  generated  in  terms  of  their  own  parametric  coordinate  system.  Each 
component  type  (eg  WING,  FUSELAGE)  to  be  processed  is  defined  according  to  the  standard  parametric 
coordinate  directions  (s,t)  with  the  normal  to  the  surface  pointing  into  the  component.  For  example, 
for  the  wing,  the  parameter  s  varies  in  the  chordwise  direction  starting  at  the  upper  surface  trailing 
edge  around  to  the  lower  surface  trailing  edge,  whilst  t  varies  along  the  span  of  the  wing.  Although 
the  surface  grids  are  subsequently  mapped  to  the  global  coordinate  system  via  the  Coons  patch 
technique,  the  interactive  editor  will  operate  on  the  parametric  description  of  each  grid.  The 
parametric  description  provides  an  advantageous  format  for  viewing  and  applying  modifications  to 
surface  grids  due  to  the  comparative  ease  of  plotting  two-dimensional  grids.  The  parametric 
coordinates  for  individual  grids  are  output  to  separate  files  and  the  interactive  editor  will 
therefore  require  access  to  the  grid  files  only  for  component  grids  needing  alterations.  The  surface 
topologies  will  already  have  been  derived  from  the  global  topology.  When  the  parametric  surface  grid 
files  and  associated  topologies  are  available,  the  interactive  system  may  then  be  run. 


Description  of  Interactive  System 


The  interactive  facility  starts  by  prompting  for  the  component  name  associated  with  the  surface  grid 
to  be  edited.  The  relevant  data  files  are  input  and  the  grid  is  displayed  in  terms  of  its  own  pair  of 
parametric  coordinates. 


A  typical  screen  display  is  shown  in  Figure  4.  A  default  view  with  only  block  edges  visible  is  given. 
The  example  represents  the  grid  on  the  surface  of  a  fuselage  which  is  intersected  by  a  wing. 
Throughout  the  editing  process  a  variety  of  colours  are  used  to  highlight  different  topological 
features  such  as  Dirichlet  boundary  edges,  internal  continuity  edges  and  new  point  di s tribut ions . 
Different  line  types  will  be  used  to  illustrate  these  characteristics  in  this  paper.  The  blocks  are 
numbered  to  provide  a  means  lor  identifying  the  areas  to  be  operated  upon.  A  main  menu  of  options  is 
displayed  below  the  grid.  The  available  functions  fall  into  the  following  categories: 

a)  Editing  functions  (1,2, 3, 4  and  9) 

b)  Informative  functions  <5  and  6) 

c)  Viewing  functions  (7  and  8). 


Each  of  these  options  yields  sub-menus  and/or  sequences  of  prompts.  User  input  is  entered  either 
directly  at  the  keyboard  or  with  the  use  of  a  cross-hair  cursor.  Responses  from  the  user  require 
validation  and  a  variety  of  error  messages  are  available. 
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Alternative  views  of  the  surface  grid  may  be  obtained  at  any  time  between  edits  using  the  viewing 
functions  (7  and  8).  The  cross-hair  cursor  can  be  used  to  supply  an  enlarged  view  of  an  area  of  the 
grid,  or  a  view  of  the  grid  in  physical  coordinates  (x,y,zl  from  a  given  viewpoint  can  be  chosen.  For 

the  latter  case,  the  system  will  require  the  bicubic  description  of  the  surface  for  transforming  from 

parametric  grid  coordinates  to  the  global  coordinate  system.  Although  the  default  view  of  the  grid 

only  shows  block  edges,  the  view  can  also  be  changed  to  include  all  grid  lines. 

A  number  of  options  are  available  for  gaining  information  about  the  grid  and  its  topology  (5  and  6). 
Function  5  provides  a  sub-menu  of  options  for  highlighting  selected  features  of  the  grid  structure 
such  as  the  current  distribution  of  points  along  block  edges.  Function  6  lists  a  sub-menu  of  options 
offering  information  on  the  topological  structure;  for  example,  a  list  of  the  adjacent  component  grids 
can  be  obtained  or  the  axis  system  local  to  a  given  block  identified. 

The  editing  options  (l  to  4)  provide  considerable  flexibility  for  altering  the  distribution  of  points 
where  required.  The  distribution  on  the  Dirichlet  boundaries  is  used,  as  discussed  previously,  to 
control  the  distribution  within  the  grid  domain.  The  default  distributions  may  be  changed  and  this  in 
turn  will  reflect  on  the  redistribution  of  grid  points  within  the  domain.  Internal  continuity  block 
edges  can  also  be  modified  and  fixed  in  position.  This  provides  a  direc*  means  for  resolving  features 
such  as  grid  cross-over.  Although  sacrificing  slope  continuity  of  grid  lines  meeting  at  such  edges, 
otherwise  incorrectable  deficiencies  can  be  sufficiently  improved  to  allow  subsequent  computations  for 
the  global  grid  and  the  flowfield.  Finally,  option  9  may  be  used  to  input  edits  of  types  1  to  4  via 
an  input  data  file. 

5.2  Editing 

The  editing  functions  operate  upon  grid  points  coinciding  with  topological  characteristics  of  the  grid 
such  as  block  edges  or  block  corners.  Each  surface  block  conforms  to  a  standard  numbering  system  for 
the  relative  positions  of  corners  and  edges  (Figure  5).  The  block  edge  and  corner  numbering  provides 
a  mechanism  for  indicating  where  changes  are  to  be  made.  The  editing  functions  can  then  be  applied 
either  to  points  at  block  corners  (option  1)  or  to  points  distributed  along  a  series  of  one  or  more 
consecutive  edges  known  collectively  as  a  path  (options  2  to  4 ) .  To  ease  the  identification  of  a 
block  corner  to  be  edited,  the  corners  of  any  block  can  be  numbered.  To  identify  a  series  of  edges 
requiring  edits,  only  the  block  corners  lying  at  the  end  points  of  the  string  of  edges  need  be  given, 
together  with  the  number  of  the  block  edge  lying  first  along  the  path.  For  edges  or  corners  which  lie 
adjacent  to  others  only  one  of  the  coincident  edges  or  corners  need  be  edited  since  the  system  will 
automatically  redistribute  the  points  associated  with  the  others. 

As  functions  2  to  4  indicate,  boundary  and  internal  edges  of  the  grid  must  be  edited  separately,  since 
they  are  treated  differently-  As  already  discussed,  internal  continuity  edges  are  fixed  in  position 
once  edited  and  thus  the  boundary  condition  at  such  edges  becomes  Dirichlet.  Edges  along  the 
boundaries  of  the  domain  may  have  new  stretchings  applied  but  the  boundary  condition  remains 
unchanged 

Various  mechanisms  are  available  for  allocating  new  point  positions  depending  on  the  editing  function 
chosen.  Block  corners  can  be  moved  either  by  specifying  the  new  position  in  parametric  coordinates, 
or  by  using  a  cursor  digitising  mechanism  to  pinpoint  where  the  corner  should  be  relocated  on  the 
grid.  Points  along  a  series  of  edges  can  be  repositioned  by  choosing  one  of  a  selection  of  analytical 
stretchings,  by  specifying  the  new  coordinates  of  each  point  along  the  path  in  turn,  or  by  using  the 
cursor  mechanism  to  pinpoint  each  point  location  in  turn.  The  choice  of  method  depends  very  much  on 
the  problem  to  be  resolved.  The  changes  chosen  are  indicated  on  the  grid  with  symbols  ’X'  and 
They  may  be  accepted  or  rejected  and  the  process  can  be  repeated. 

When  all  the  necessary  edits  have  been  made,  the  edits  may  be  saved,  or  completely  rejected,  leaving 
the  original  grid  untouched.  If  edits  to  the  boundary  of  the  grid  are  saved,  then  any  surface  grid 
sharing  the  common  boundary  within  the  global  structure  must  be  modified  accordingly  to  ensure  that 
points  on  the  common  boundary  match  up  when  the  grids  are  transformed  to  the  physical  coordinate 
system.  The  system  can  usually  perform  these  edits  automatically  for  the  appropriate  adjacent  grids 
with  the  operator  only  required  to  confirm  that  they  are  acceptable.  The  operator  can  then  proceed  to 
edit  another  grid  or  exit  the  system. 

When  the  necessary  edits  have  been  made  to  the  set  of  surface  grids,  the  grids  are  resubmitted  to  the 
surface  grid  generation  process  in  their  parametric  form,  as  an  initial  guess  for  the  iterative 
solution  of  the  grid  generation  equations.  The  point  distributions  within  the  domain  of  each  grid  are 
recomputed  based  on  the  updated  fixed  edge  distributions.  The  resulting  grids  can  be  replotted  and 
their  quality  reassessed.  The  edit  cycle,  composed  of  edits  followed  by  grid  regeneration,  may  be 
repeated  as  necessary. 

5.3  Bxamplea  of  Editing  Process 

a)  Crank  wing-fuselage  configuration 

The  grid  control  algorithm  defines  a  cubic  or  linear  stretching  along  the  full  span  of  the  exposed 
wing  trailing  edge.  Input  parameters  control  the  strength  of  a  cubic  based  on  surface  distances  which 
is  used  to  gather  points  towards  the  wing  root  and  tip.  The  user  is  therefore  unable  to  use  this 
mechanism  to  position  a  point  accurately  at  the  location  of  the  crank.  In  addition,  this  mechanism 
offers  no  facility  for  clustering  points  either  side  of  the  crank,  and  is  thus  unable  to  model  the 
discontinuity  in  sweep  at  the  crank.  Figure  6  illustrates  changes  that  can  be  made  using  the  editing 
facility  to  auer  the  spanwise  distribution  along  such  a  wing.  Both  the  parametric  and  physical  views 
of  the  default  grid  are  shown.  The  labels  ABCDEF  highlight  the  correspondence  between  the  parametric 
and  physical  coordinate  systems.  Examination  of  the  wing  geometry  definition  will  give  the  parametric 
location  of  the  crank.  To  control  the  spanwise  positions  of  all  of  the  grid  lines  defined  around  the 
wing  in  the  chordwiae  direction,  it  is  sufficient  to  redistribute  points  along  the  fixed  spanwise 
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edges.  Therefore,  points  along  edges  lying  along  the  upper  and  lower  surface  trailing  edge  are 
redistributed  and  since  the  grid  control  algorithm  also  fixes  the  block  edges  lying  along  the  leading 
edge  of  the  wing,  these  must  also  be  altered  accordingly.  Two  layers  of  blocks  are  defined  in  the 
spanwise  direction,  and  with  appropriate  numbers  of  points  in  each,  it  is  sensible  to  try  and  position 
the  interface  between  the  two  layers  at  the  crank  position.  This  can  be  achieved  by  positioning  the 
block  corners  coinciding  with  noth  the  interfacing  edges  and  the  leading  and  trailing  edges  of  the 
wing  at  the  crank  position.  The  new  position  of  these  corners  is  marked  on  both  views  of  the  grid 
with  the  symbol  ’X' •  Then,  by  redistributing  points  either  side  of  the  interface  in  the  spanwise 
direction,  points  can  be  gathered  towards  the  crank  as  well  as  the  wing  root  and  tip.  Again,  cubic 
distributions  can  be  used  to  cluster  points  towards  these  features.  The  sub-menu  below  the  grid  shows 
the  possible  analytical  stretchings  which  can  be  applied.  Grid  points  have  been  redistributed  along 
the  leading  edge  of  the  wing  and  along  a  section  of  the  lower  surface  trailing  edge.  The  points 
outboard  of  the  crank  are  about  to  be  modified.  The  end  points  of  the  single  edge  being  edited  are 
marked  with  the  symbols  ’A’  and  ’V'.  Again,  a  cubic  distribution  can  be  used  to  draw  points  towards 
the  crank  and  the  wing  tip.  Figure  7a  highlights  the  problem  at  the  crank  position  where  the  grid 
definition  has  blended  the  sections  either  side  of  the  crank.  By  moving  the  appropriate  block  corners 
and  redistributing  points  along  the  leading  and  trailing  edges  as  illustrated  in  Figure  6,  the  grid 
more  accurately  models  the  crank  (Figure  7b).  The  regenerated  grid  on  the  surface  of  the 
configuration  is  shown  in  Figure  7c. 

b )  Multi -element  aero foil  configuration 

To  illustrate  the  adverse  effect  which  closely-coupled  components  can  have  upon  a  multiblock  grid,  a 
53  block  topology  structure  was  set.  up  for  a  wing-flap  configuration  which  was  treated  as  having  an 
infinite  span.  This  is  essentially  a  two-dimensional  test  case  with  sections  stacked  in  the  spanwise 
direction  to  provide  input  to  the  three-dimensional  multiblock  Euler  code.  A  number  of  topology 
structures  were  investigated  and  the  structure  shown  in  Figure  8a  proved  to  be  the  most  suitable.  The 
wing  is  represented  by  the  line  A' A  and  the  flap  by  line  B’B.  The  structure  allows  for  the  slight 
overlap  of  the  components.  The  minimum  of  two  layers  of  blocks  lying  between  the  components  is  used 
so  that.  • C f  grid  structures  may  be  emoeddeii  around  eaen  component  whilst  minimising  the  number  of  grid 
points  lying  between  the  closely-coupled  components.  An  extra  layer  of  blocks  is  generated  below  the 
configuration  to  provide  the  interactive  editor  with  additional  scone  for  fixing  edges  within  the  grid 
domain.  The  default  grid  based  upon  this  topology  (Figure  8b)  is  very  poor  in  quality  with  highly 
stretched  and  skewed  cells  and  grid  lines  pulled  away  from  the  surface  of  the  configuration.  The  grid 
lines  around  the  flap  leading  edge  have  crossed  over  due  to  the  incompatible  density  of  grid  lines 
between  the  two  components  and  between  each  component  and  the  farfield.  The  grid  is  unsuitable  for 
accurate  flow  calculation.  The  deficiencies  identified  within  this  grid  indicate  the  difficulties 
that  can  be  encountered  in  controlling  meshes,  about  shapes  of  arbitrary  generality,  using  the  minimum 
specification  of  boundary  data  required  for  solving  elliptic  problems.  In  this  example,  the 
deficiencies  are  mainly  caused  by  a  combination  of  the  inherent  smoothing  properties  of  the  elliptic 
equations  and  the  c lose-coupl ing  of  the  elements.  Other  authors  report^  having  to  fix  the  position 
of  grid  points  on  all  block  boundaries  in  order  to  control  the  grid  about  a  mul t i -e lement  geometry. 
Here,  the  graphical  editor  is  used  to  additionally  constrain  the  default  grid  shown  in  Figure  8b.  By 
modifying  a  number  of  the  farfield  boundary  distributions  and  fixing  points  within  the  grid  domain, 
the  original  deficiencies  may  be  improved  (Figure  8c).  A  number  of  the  boundary  edges  have  been 
edited  to  draw  grid  points  closer  to  the  configuration  and  many  internal  edges  have  been  fixed  to 
improve  the  size  and  shape  of  cells,  particularly  those  near  the  surfaces  of  the  configuration. 
Figure  8d  shows  pressure  distributions  on  the  surface  of  both  components  and  the  comparison  with  the 
analytical  solution  due  to  Williams^,  indicating  that  the  grid  is  now  reasonable  for  flow  solution 
purposes  but  not  ideal. 

6 _ GENERAL  MULT I BLOCK  APPLICATIONS 

To  illustrate  the  power  of  the  multiblock  approach,  four  configurations  are  considered.  The  grids 
defined  for  each  case  have  been  generated  using  the  automatic  techniques  described  in  sections  3  and 
4.  The  default  grids  are  acceptable  for  these  cases  but  it  is  expected  that  the  interactive  grid 
editing  facility  will  prove  necessary  for  other  types  of  geometries.  A  numerical  algorithm  for  the 
solution  of  the  Euler  equations  based  on  the  ideas  of  Jameson,  Schmidt  and  Turkel^  has  been  adapted  to 
enable  the  coupling  with  multiblock  grids.  Results  are  shown  for  some  of  the  configurations 
d i scussed . 

6« 1 _ W ing-Fuselage-Three  Pylon-Sto re  Configuration 

Firstly,  for  the  wing-fuselage-three  pylon-store  configuration  already  considered  (Figure  2)  a  1040 
block  component-adaptive  topology  has  been  constructed .  'C*  grid  structures  were  embedded  local  to 
the  wing  and  each  of  the  pylons.  A  polar  ’O'  grid  was  defined  around  the  fuselage  whilst  a  spherical 
polar  grid  structure  was  embedded  local  to  the  store.  Flowfield  solutions  are  shown  for  this 
configuration  and  some  of  its  simpler  derivatives  (Figure  9)  illustrating  the  quality  of  solutions 
typically  obtained. 

6.2  _ Research  Civil  Wing-Fuselage-Tai 1 plane  Configuration 

For  the  civil  aircraft  configuration  shown  in  Figure  10,  two  alternative  schematics  of  the  geometry 
were  defined  for  the  automatic  topology  generator,  one  in  which  the  tailplane  had  the  same  elevation 
as  the  wing  and  one  in  which  the  tailplane  had  a  higher  elevation  than  the  wing.  The  grid  topology 
resulting  from  the  former  schematic  was  found  to  be  easier  to  control  and  computationally  more 
efficient  for  the  same  number  of  surface  grid  points.  The  surface  grid  for  this  topology  is  given  in 
Figure  10. 


6.3  Military  Aircraft  Configuration  with  Propulsion 

The  complexity  of  a  modern  military  aircraft  configuration  with  twin  engine  intakes  and  afterbody 
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nozzles  provides  a  good  illustration  of  the  applications  of  the  techniques  described.  Figure  11  shows 
the  grids  on  the  component  surfaces  together  with  slices  of  the  grid  in  the  flow  domain.  The  grid 
planes  in  the  flowfield  highlight  the  different  grid  structures  generated  local  to  the  individual 
components.  An  ’0'  grid  stiacture  was  embedded  local  to  the  fuselage  and  afterbody  nozzles,  and  * C * 
grid  structures  were  constructed  around  the  wing  and  foreplane.  An  ’  H’  grid  structure  was  used  to 
model  both  the  fin  and  the  intake.  Reference  8  presents  example  flowfield  calculations  on  the  wing 
and  foreplane  surfaces. 

6,4  Military  Ai rcraft  with  Tip  Store  and  Wingleta 

The  final  example  shows  a  surface  grid  for  a  research  aircraft,  indicating  that  the  automatic  grid 
generation  procedure  in  the  aiuitlblock  system  can  be  applied  to  detailed  geometric  components. 

7 _ CONCLUDING  REMARKS 


This  paper  concentrates  on  work  undertaken  in  two  main  areas  of  multiblock  grid  generation,  namely 
topology  construction  and  grid  control.  Effort  has  been  steered  towards  automation  with  the  aim  of 
transforming  the  multiblock  technique  to  a  more  efficient  and  workable  system.  Consequently,  the 
level  of  expertise  required  from  those  implementing  the  system  is  reduced  and  thi9  should  promote  its 
practical  use.  To  maintain  a  degree  of  flexibility  within  such  a  system,  an  interactive  surface  grid 
editing  facility  has  been  developed  to  remedy  any  localised  deficiencies.  The  wide  range  of  example 
configurations  and  flow  solutions  supports  the  continued  use  of  multiblock  techniques  as  a  means  of 
constructing  component  adaptive  grid  topologies. 

REFERENCES 


1  J^acson,  A,  Schmidt,  W,  Turkel,  E,  Numerical  Solutions  of  the  Euler  Equations  by  Finite  Volume 
Method*7  using  a  Rungc-Kutta  Time-Stepping  Scheme,  1981,  AIAA  81-1259. 

2  Hall,  M  G,  Cell-Vertex  Mulfigrid  Schemes  for  Solution  of  the  Euler  Equations,  1986,  Numerical 
Methods  for  Fluid  Dynamics  It,  Ed  Morton,  K  W  and  Baines,  M  J,  Oxford  University  Press, 

pp  303-345. 

3  Sengupta,  S,  Hauser,  J,  Eiseman,  P  R,  Thompson,  J  F  (editors),  Numerical  Grid  Generation  in 
Computational  Fluid  Mechanics  ’88,  1988,  Proc  of  Second  International  Conference  on  Grid 
Generation  in  Computational  Fluid  Dynamics,  Pineridge  Press  Ltd. 

4  Baxendale,  A  J,  Application  of  Computational  Fluid  Dynamics  to  Military  Aircraft  at  Supersonic 
Speeds,  1988,  Proc. Royal  Aero.Soc.Symp.  on  Aerodynamic  Design  for  Supersonic  FLight. 

5  Fulker,  J  L,  Ashill,  P  R,  A  Theoretical  and  Experimental  Evaluation  of  a  Numerical  Method  for 
Calculating  Supersonic  Flows  over  Wing/Body  Configurations,  1988,  AGARD  FDP  Meeting  on 
Validation  of  CFD,  Lisbon. 

6  Weatherill,  N  P,  Shaw,  J  A,  Forsey,  C  R,  Rose,  K  F,  A  Discussion  on  a  Mesh  Generation  Technique 
Applicable  to  Complex  Geometries,  1986,  AGARD  Symposium  on  Applications  of  Computational  Fluid 
Dynamics  in  Aeronautics,  Aix-en-Provence,  France. 

7  Weatherill,  N  P,  Shaw,  J  A,  Component  Adaptive  Grid  Generation  for  Aircraft  Configurations,  1988, 
AGARDograph  AG-309,  Current  Practices  in  Grid  Generation  by  J  L  Steger  and  J  F  Thompson,  Ed 

H  Yoshihara. 

8  Shaw,  J  A,  Georgala,  J  M,  Weatherill,  N  P,  The  Construction  of  Component  Adaptive  Grids  for 
Aerodynamic  Geometries,  1988,  Proc  Second  International  Conference  on  Numerical  Grid  Generation 
in  Computational  Fluid  Dynamics,  Florida,  Published  by  Pineridge  Press  Ltd. 

9  Thompson,  J  F,  Thames,  F  C,  Mast  in,  C  W,  Automatic  Numerical  Generation  of  Body-Fitted  Curvilinear 
Coordinate  System  for  Field  Containing  any  Number  of  Arbitrary  Two-Dimensional  Bodies,  J  Comp 
Phys,  Vol  15,  1974. 

10  Coons,  S  A,  Surfaces  for  Computer-Aided  Design  of  Space  Forms,  1967,  MID  MAC-TR-41. 

11  Thomas,  P  D,  Middlecoff,  J  F,  Direct  Control  of  the  Grid  Point  Distribution  in  Meshes  Generated 
by  Elliptic  Equations,  AIAA  Journal,  Vol  18,  June  1980,  pp  652-656. 

12  Schuster,  D  M,  Generation  of  Patched  Multiple-Region  Grids  Using  Elliptic  Equations,  1986,  Proc  of 
First  International  Conference  on  Numerical  Grid  Generation  in  Computational  Fluid  Dynamics, 
Landshut,  W  Germany,  Published  by  Pineridge  Press  Ltd. 

13  Williams,  B  R,  An  Exact  Test  Case  for  the  Plane  Potential  Flow  about  Two  Adjacent  Lifting 
Aerofoils,  1973,  ARC  RAM  3717. 

ACKNOWLEDGEMENTS 


This  work  has  been  carried  out  with  the  support  of  the  Procurement  Executive,  Ministry  of  Defence. 
The  authors  are  grateful  to  the  British  Aerospace  Euler  Core  Team  for  the  use  of  a  disc  based  Euler 
code.  Finally,  we  wish  to  express  our  thanks  to  Mr  C  R  Forsey  and  Dr  K  E  Rose  of  the  Aircraft 
Research  Association  Ltd  and  Dr  N  P  Weatherill  of  Swansea  University,  for  their  contributions  to  the 
development  of  the  multiblock  system  discussed  here. 


WINGLEX  - 

* - * - ** 

r#-* - * - 

-  WINGTEX 

n 

WINGLEZ  / 

if _ l _ / 

tj 

WINGTEZ 

/  , , 

X^AEROFC 

IL 

WINGLEX  ~ 

- ► - 

* - K - W 

i 

-  WINGTEX 

E*-* - * - 

X 


_  DIRICHLET 

BLOCK 

BOUNDARY 

_  CONTINUITY 

BLOCK 

BOUNDARY 

X  GRID  POINT 


A  CONTOUR 
PATH 


Figure  3  Path  Traced  by  Grid  Control  Algorithm 
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Figure  4  Interactive  Editing  Facility  >  Typical  Screen  Display 
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Figure  5  Standard  Numbering  System  for  Surface  Block  Corners  and  Edges 
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Figure  6  Edits  for  Modelling  the  Crank  Position  on  a  Wing 
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Figure  7c  Distribution  of  points  on  a  Crank  Wing  Configuration  After  Editing 
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Chordwise  Pressures  on  Wing  Surface  for  a  Wing-Fuselage-Multiple  Pylon-Store  Configuration  and  its  Simpler  Derivatives 


Figure  12  Grid  on  the  Surface  of  a  Research  Military  Aircraft  with  Tip  store  and  Wlnglets 
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RESUME 


Parmi  les  types  de  generation  de  maillage,  la  methode  de  construction  par  "front", 
partant  de  limites  facettees  predefinies,  parait  la  plus  prometteuse  a  l'egard  des 
configurations  complexes  dans  le  cadre  de  la  methode  numerique  des  elements  fini?. 

Sa  souplesse  et  ses  importantes  possibilites  d’adaptation  en  font  un  outil  dont  le 
domaine  d'appl ication  est  tres  large. 

L'algorithme  presente  fonctionne  pour  les  maillages  de  configurations  complexes 
rencontrees  en  aeronautique  :  tuyere  de  moteur  a  flux  multiples,  navette  Hermes,  Falcon. 

I.  INTRODUCTION 

Le  developpement  de  methodes  numeriques  performantes  pour  la  simulation  de  la  mecanique 
des  fluides  a  permis  la  modelisation  de  formes  de  plus  en  plus  complexes,  mais  dont  le  delai  de 
discretisation  tridimensionnel le  est  devenu  penalisant. 

Ainsi  dans  le  cadre  de  la  methode  des  elements  finis,  1 'apparition  de  resolutions 
numeriques  fiables  des  equations  d'Euler  des  ecoulements  aerodynamiques  en  3-D,  et  maintenant 
des  equations  de  Navier-Stokes,  rend  les  calculs  quotidiens  et  accroit  le  nombre  de 
configurations  etudiees. 

Un  effort  important  a  done  porte  sur  la  realisation  de  mailleurs  tridimensionnels  non 
structures  efficaces,  pour  des  domaines  tres  complexes. 

Plusieurs  procedes  de  modelisation  non  structuree  ont  ete  elabores,  en  particulier  des 
discretisations  tetraedriques  de  1’espace  qui  offrent  la  souplesse  necessaire  a  la  modelisation 
de  formes  geometriques  complexes. 

Cette  approche  favorise  aussi  1 ' ut i 1 i sation  de  methodes  de  raffinement  et  d'adaptation 
de  mai 1 1  age . 

Cette  presentation  decrit  une  approche  de  la  generation  de  maillages  tetraedriques  sur 
des  formes  quelconques  (en  3-0!  par  une  methode  de  front,  et  ses  applications. 

II.  ALGORITHME  DE  GENERATION 
1 .  LA  GENERATION  PAR  FRONT 


La  methode  de  creation  par  front  est  caracterisee  par  la  generation  pas  a  pas  de  noeuds 
et  d'elements  s'appuyant  sur  le  front. 

Par  rapport  a  des  mailleurs  structures  ou  des  generateurs  globaux  type  Vorono'i,  la 
methode  par  front  apporte  des  avantages  considerables  : 

-  Une  independance  complete  par  rapport  a  la  forme  discretisee,  quelque  soit  sa 
compl exi te. 


-  Des  possibilites  de  modelisation  importantes,  les  liaisons  tetraedriques  permettant 
des  configurations  multiples. 


-  Une  grande  souplesse  de  controle  de  la  modelisation  permettant  un  choix  local  de  la 
tetraedrisation.  Elle  offre  done  de  grandes  possibilites  d'adaptation  de  maillage, 
pour  capter  finement  les  ecoulements  aerodynamiques. 


-  Un  traitement  local  des  problemes  rencontres,  autorisant  la  multiplication  des  tones 
de  discretisation  complexe. 


2.  DISCRETISATION  DE  LA  FRONT  I ERE  INITIALE 


La  discretisation  triangulaire  (cas  tridimensionnel )  de  la  frontiere  initiale  est 
independante  de  la  methode  de  maillage  presentee. 

Elle  peut  done  etre  realisee  prealablement  par  des  mailleurs  surfaciques  adaptes  a  la 
modelisation  desiree  aux  limites,  et  permet  l'etablissement  d'une  base  de  donnee  de  maillages 
surf  ..ciques . 

La  planche  1  presente  des  exemples  de  maillages  utilises. 

3.  ALGORITHMS  DE  GENERATION 

3.1.  Presentation  2-D 

3.1.1.  Definition  du  front 


Le  front  initial  est  une  courbe  orientee  C,  definie  par  une  suite  de  points  D. 


II  est  possible  de  definir  en  tout  point  X  de  D,  par  interpolation  d’une  courbe  du 
deuxieme  degre  au  voisinage  de  x  : 

-  une  direction  Nx  nomiale, 

-  une  valeur  scalaire  CVx  refletant  la  courbure  de  D  en  X,  appelee  aussi  concavite. 

CVx  servira  ainsi  d'indicateur  local  de  complexity  de  la  forme. 

3.1.2.  Algori thme 

Le  generateur  optimise  la  concavite  (variable  CV)  sur  les  fronts  successifs  pour  obtenir 
la  concavite  d’un  cercle. 

Le  principe  d ' opt imi sation  consiste  pour  le  noeud  I  de  CV  maximum  a  elever  des  elements 
supplementaires  a  partir  des  barres  de  D  voisines  de  I,  en  creant  un  noeud  supplementaire.  II 
est  place  a  une  distance  D I  ST  de  I  selon  la  direction  Ni . 


>  1 


Un  nouveau  front  est  ainsi  cre£  en  remplagant  I  par  II. 

Le  mecanisme  d'optmisation  est  complete  en  analysant  la  position  relative  de  II  par 
rapport  aux  noeuds  deja  existants.  En  cas  de  forte  proximite,  il  est  confondu  au  noeud  le  plus 
proche. 


3.1.3.  Controle  du  front 


Le  controle  du  front  s'exerce  a  deux  niveaux,  celui  de  la  distance  DIST  (distance  de  I 
a  II)  et  celui  de  la  taille  des  mailles  a  sa  surface. 

DIST  est  calculee  de  maniere  a  rendre  les  elements  crees  les  plus  reguliers  possibles, 
multipliee  par  un  coefficient  d 1 al longement  QALL. 

La  surface  du  front  est  controlee  par  deux  parametres  : 

-  Un  coefficient  QMIN  definit  la  taille  minimale  acceptee  des  elements  du  front,  si  elle 
est  depassee,  le  front  est  modifie  localement  pour  respecter  la  limite,  soit  par 
suppression  de  la  facette  ou  permutation  de  barre,  soit  par  optimisation  geometrique. 


-  Un  coefficient  QMAX  determinant  la  taille  maximale  acceptee  des  elements  du  front,  si 
elle  est  depassee,  l'element  ainsi  determine  est  sous-maille. 


3.2.  Generalisation  3-D 
3.2.1.  Definition  du  front 


Le  front  initial  est  une  surface  orientee  S  discretisee  en  triangles. 

II  est  possible  de  definir  en  tout  point  x  de  D,  par  interpolation  des  valeurs 
equivalentes  aux  notions  etablies  en  2-D  : 


-  Une  direction  Nx  normale, 


-  Une  valeur 
co.icavi  te. 

scalaire 

CVx 

ref letant 

la 

courbure 

maxi 

sur  S  en  X, 

appelee 

-  Une  valeur 
convexite. 

scalaire 

CXx 

ref letant 

la 

courbure 

mini 

sur  S  en  X, 

appelee 

L'indicateur  de  complexite  de  la  surface  est  alors  le  couple  (CV.CX). 

La  figure  1  presente  les  valeurs  des  concavites  pour  des  configurations  courantes  de 
1 'aeronautique. 

Ainsi  le  bord  de  fuite  d'une  voilure  sera  tr§s  convexe  et  Templanture  de  cette  voilure 
assez  concave,  1 ' intersection  entre  les  deux  repr^sente  un  "point  selle"  dans  le  maillage,  a  la 
fois  tres  concave  et  tres  convexe,  qui  constitue  la  difficult^  majeure  de  la  configuration. 

3.2.2.  Algorithme 

L'algorithme  utilise  est  identique  au  cas  2-D,  avec  la  prise  en  compte  du  facteur 
supplSmentaire  de  la  convexite  dans  la  methode  d'optimisation  de  la  courbure. 
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L ' optimi sation  est  limitee  au  noeud  I  de  CV  maxi  parmi  les  noeuds  de  CX  faible,  en 
creant  alors  des  tetraedres  ayant  pour  base  les  facettes  voisines  de  I  sur  le  front. 

Le  calcul  de  DIST  et  les  controles  du  front  a  l'aide  des  coefficients  QALL  QMIN  QMAX, 
sont  identiques  au  cas  20. 

4.  ADAPTATION 

Le  programme  est  done  entierement  pilote  par  un  nombre  de  coefficients  limites  : 

-  QALL  Allongement  des  elements  perpendiculairement  au  front. 

-  QMIN  Taille  minimale  autorisee  des  elements  du  front. 

-  QMAX  Taille  maximale  autorisee  des  elements  du  front. 

qui  permettent  le  controle  de  la  repartition  des  mailles. 

Ainsi  il  est  possible  de  deduire  des  valeurs  discretes  de  ces  coefficients  en  chaque 
noeud  du  front,  pour  adapter  le  maillage  a  un  champ  de  deformation  donne,  decrivant  la 
repartition  de  mailles  voulue  en  un  point  quelconque  de  1 'espace. 

Cette  repartition  peut  etre  deduite  d'un  premier  calcul  sur  une  modelisation  grossiere 
de  la  forme  etudiee,  suivant  les  zones  d'interet  des  calculs  a  effectuer. 

Une  description  simple  du  champ  de  deformation  peut  etre  fournie  par  la  connaissance  en 
tout  point  d'un  triedre  definissant  l'allongement  des  elements  selon  trois  directions 
orthogonales. 

Les  coefficients  de  generation  peuvent  alors  etre  deduits  en  un  noeud  I  du  front  : 

-  QALL  est  egal  au  maximum  des  normes  des  projections  des  vecteurs  du  triedre  selon  la 
direction  de  la  normale  Ni  du  noeud  I. 


QMIN  et  QMAX  sont  deduits  independamment  pour  chaque  element  a  partir  des  projections 
des  barres  de  celui-ci  selon  les  vecteurs  du  triedre. 


vecteurs  du  triedre 

III  CONCLUSIONS 

En  utilisant  des  structures  de  donnees  adequates  pour  les  operations  de  recherches 
geometriques  (arborescences) ,  1'algorithme  conduit  a  un  temps  de  creation  d'ordre  o  (N  * 
Log ( N ) )  pour  un  maillage  non  structure  de  N  noeuds. 


Cette  methode,  coupiee  i  un  code  de  resolution  des  equations  d'Euler,  a  prouve  son 
efficacite  sur  de  nombreuses  configurations  courantes  de  1'aeronautique. 


La  planche  2  presente  plusieurs  fronts  lors  de  la  creation  de  maillages  pour  la  cabine 
de  1 'Hermes,  une  tuyere  de  moteur. 

La  methode  presente  en  outre  une  possibilite  d'adaptatlon  importante  de  la 
discretisation  permettant  la  realisation  d'iteratlons  sur  differents  maillages  lors  d'un  calcul 
numerique. 
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PLANCHE  I.  VALEURS  DES  CONVEX  I  TES  SUF  DES 
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PLkiK'C  HE  3.  RESULT  ATS  DE  CHLCUL  SUR  L  HERMES  h  L  HIDE 

D ' UN  CODE  DE  RESOLUTION  DES  EQUATIONS  D  EULER 


Valcors  at;  caeff  i  c  i  tn  +  f  dt  press  i  or. 


!  MACH  =  2 5 . 

|  INC  1  =  30. 

'  ZSOL  =  70000. 
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SUMMARY 

This  paper  describes  a  method  for  generating  unstructured  meshes  of  triangles  or  tetrahedra  for  computa¬ 
tional  domains  of  complex  geometrical  shape.  To  illustrate  the  power  of  the  approach,  it  is  applied  to  the  solution  of 
flows  past  several  complete  aircraft  configurations.  The  advocated  approach  allows  for  the  natural  incorporation  of 
mesh  adaptivity  and  this  is  demonstrated  for  both  inviscid  and  viscous  computations  in  two  and  three  dimensions. 

1.  INTRODUCTION 

Over  the  past  twenty  years  there  has  been  a  tremendous  increase  in  the  predictive  capabilities  offered  by 
computational  fluid  dynamics  to  the  aerodynamic  design  process.  The  numerical  techniques  which  have  been  de¬ 
veloped  |1]  allow  for  highly  accurate  computations  to  be  performed  for  three  dimensional  flows  over  relatively  sim¬ 
ple  shapes,  such  as  wings.  This  success  has  led  naturally  to  an  increasing  interest  in  the  simulation  of  flows  in¬ 
volving  more  complex  geometries,  such  as  complete  aircraft  configurations.  The  analyst  responsible  for  such  sim¬ 

ulations  is  immediately  faced  with  two  major  problems  The  first  is  the  problem  of  generating  a  mesh  to  cover  the 
computational  domain  of  interest  and  the  second  is  the  problem  of  developing  a  technique  for  mesh  adaptation  to 
improve  the  quality  of  the  computed  solution  Adaptive  mesh  methods  will  play  an  important  role  in  the  accurate 

simulation  of  Hows  past  complex  three  dimensional  configurations,  since  the  number  of  mesh  points  involved  is 

normally  too  large  to  contemplate  the  use  of  a  uniform  mesh  subdivision. 

One  possible  approach  to  overcome  these  difficulties  is  to  allow  the  use  of  computational  mesh  which  is  com¬ 
pletely  unstructured.  An  early  demonstration  of  the  mesh  generation  capabilities  of  such  methods  was  made  by 
Brisuau  ct  al  |2|,  who  computed  the  potential  flow  about  a  complete  AMD/BA  Falcon  50  configuration,  and  later  by 
Jameson  ct  al  |3],  who  solved  the  Euler  equations  for  the  flow  past  a  complete  Boeing  747.  More  recent  papers  [ 4-6 ) 
show  the  current  status  of  unstructured  mesh  generation  techniques  and  indicate  that  the  approach  may  now  be 

routinely  used  to  handle  complex  aerodynamic  configurations.  The  decision  to  employ  an  unstructured  mesh  has  the 

additional  bonus  that  adaptive  mesh  iccnniqucs  can  then  be  implemented  in  <>  relatively  straightforward  manner 
For  the  simulation  of  steady  two  dimensional  Euler  flows  on  triangular  meshes,  the  improvements  to  solution  quality 
which  can  be  obtained  by  adaptive  mesh  enrichment  methods  was  demonstrated  by  1  Ohner  ct  a!  |7).  However,  en¬ 
richment  methods  of  this  type  arc  of  limited  usefulness  for  three  dimensional  analyses  as  the  number  of  degrees  of 

freedom  can  grow  rapidly  at  each  mesh  adaptation.  In  this  paper,  we  will  demonstrate  an  adaptive  mesh  procedure 

which  offers  the  possibility  of  enhancing  the  solution  quality  while  allowing  control  over  the  increase  in  the  total 

number  of  mesh  points  The  adaptivity  is  accomplished  by  complete  regeneration  of  the  mesh  and  an  essential  pre¬ 
requisite  will  therefore  be  the  development  of  an  unstructured  mesh  generator  with  the  ability  to  produce  a  mesh 
which  agrees  to  certain  externally  prescribed  requirements  The  generator  will  be  used  to  mesh  tin-  computational 
domain  for  the  simulation  of  Euler  Hows  about  several  complete  aircraft  configurations  and  sample  solutions  will  be 

presented  The  application  of  adaptivity  will  be  demonstrated  for  viscous  ITows  involving  simple  geometries,  but 

complex  flow  features,  in  both  two  and  three  dimensions  and  also  for  the  inviscid  How  about  a  complete  aircraft 

It  should  be  mentioned  that  the  decision  to  employ  unstructured  meshes  for  the  solution  of  the  compressible 
Euler  or  Navicr-Stokes  equations  implies  the  availability  of  a  suitable  solver  which  can  operate  on  such  meshes 
This  subject  is  still  in  its  infancy,  in  comparison  with  the  massive  investment  which  has  taken  place  in  the  devel¬ 
opment  of  structured  grid  solvers.  However,  the  accuracy  of  the  solution  produced  on  completely  unstructured 
meshes  can  be  expected  to  improve  as  the  research  clfort  in  this  area  increases. 

2.  TWO  DIMENSIONAL  MESH  GENERATION 

We  consider  in  this  section  the  automatic  generation  of  triangular  meshes  over  arbitrarily  shaped  domains  in 

the  two  dimensional  plane.  The  algorithm  to  be  presented  will  be  capable  of  generating  meshes  which  conform  to 

an  externally  prescribed  spatial  distribution  of  element  size.  The  ability  to  generate  meshes  which  are  locally 

stretched  along  prescribed  directions  will  be  included.  The  mesh  generation  algorithm  used  is  a  variant  of  the  so 

called  advancing  front  technique  in  which  nodes  and  elements  are  created  cimnlty-pusly  (8,9). 

The  underlying  basic  concept  in  the  advancing  front  technique  is  illustrated  in  figure  1.  The  boundary  of 
the  domain  is  discretised  first.  Nodal  points  are  placed  on  the  boundary  curves  in  such  a  way  that  the  distance  be¬ 
tween  them  is  as  close  as  possible  to  the  desired  mesh  spacing.  Contiguous  nodes  on  the  boundary  curves  are  joined 
by  straight  line  segments  and  assembled  to  form  the  initial  generation  front.  At  this  stage  the  triangulalion  loop 
begins.  A  side  from  the  from  is  chosen  and  a  triangle  is  generated  that  will  have  this  selected  side  as  one  edge.  In 
generating  this  new  triangle  an  interior  node  may  be  created  or  an  existing  node  in  the  front  may  be  chosen.  After 
generating  the  new  element  the  front  is  conveniently  updated  in  such  a  way  that  it  always  contains  the  sides  which 
are  available  to  form  a  new  triangle.  The  generation  is  completed  when  no  sides  are  left  in  the  front. 

2.1  Boundary  Representation 

The  boundary  of  the  two  dimensional  domain  is  represented  by  closed  loops  of  orientated  piecewise  cubic 
spline  curves.  For  simply  connected  domains  these  boundary  curves  are  orientated  in  a  counter-clockwise  sense 
while  for  multi-connected  regions  the  exterior  boundary  curves  are  given  a  counter-clockwise  orientation  and  all 
the  interior  boundary  curves  are  orientated  in  a  clockwise  sense  (figure  2).  When  these  boundary  curves  are  dis¬ 
cretised  (10,11).  the  boundary  edges  forming  the  initial  front  are  orientated  in  the  same  fashion.  Here  the  orienta¬ 
tion  of  a  boundary  edge  is  defined  by  the  order  in  which  the  two  nodes  of  the  edge  arc  listed  in  the  front.  The  ori- 
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Figure  1  Advancing  front  technique.  Mesh  generation 
procedure  at  different  stages. 


Figure  2.  Orientation  of  the  boundary. 
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Figure  4.  Transformation  for  stretching. 


Figure  3  Generation  of  an  element. 


Figure  5.  Mesh  generation  procedure. 
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Figure  6.  Mesh  generation  examples 
in  two  dimensions. 


Figure  7.  Three  dimensional  mesh 
parameters. 
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Figure  8  Mesh  generation  strategy 
in  three  dimensions 
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cntation  of  an  edge  is  imponam  as  it  identifies  the  area  of  the  plane  in  which  a  valid  triangle  can  be  created  using 
that  edge  as  a  base. 

2.2  Domain  Discretisation 

The  generation  of  a  regular  triangular  clement  of  size  8  involves  the  following  steps  (figure  3): 

(i)  Select  an  edge  AB  from  the  generation  front. 

(ii)  Using  the  orientation  of  the  edge  determine  the  position  of  point  C]  which  lies  at  a  distance  8  from  A 
and  B, 

(iii)  Determine  all  points  in  the  Iront  which  lie  inside  a  circle  of  radius  8  and  centre  at  C], 

t  i v >  Determine  the  positions  of  the  equally  spaced  points  C2,  C3,  C4  and  C5  on  the  line  joining  C)  and  the 

midsidc  point  of  AB. 

(v)  Form  a  list  containing  all  the  points  determined  in  step  (iii)  as  well  as  points  C],  C2,  C3,  C4  and  C5.  Points 
in  this  list  will  be  ordered  according  to  their  distance  from  the  point  Cl.  For  this  ordering  process  the 
calculated  distances  associated  with  points  Cl,  C2.  C3,  C4  and  C5  are  incremented  by  an  amount  8/2. 

( v  i )  Create  an  element  with  nodes  A,  B  and  the  first  point  in  the  list  which  satisfies  the  mesh  consistency 

requirement,  i.e.  the  two  newly  created  edges  do  not  cross  any  of  the  existing  edges  in  the  from. 

(vii)  Update  the  front  by  removing  the  edge  AB,  and  adding  the  appropriate  number  of  new  edges  with  the 
correct  orientation. 

2.3  Transformation  for  Stretching 

The  algorithm  desetibed  above  produces  meshes  in  which  the  triangles  will  tend  to  be  equilateral  and  of  uni¬ 

form  size  8.  In  order  to  generate  meshes  in  which  the  element  size  depends  on  the  direction,  the  idea  of  a  stretching 
transformation  is  introduced.  Suppose  that  it  is  required  to  generate  a  mesh  in  which  the  elements  will  be  approxi¬ 

mately  of  size  81  in  the  direction  and  of  size  82  in  the  direction  cl2.  By  applying  a  simple  linear  transformation 
[10],  the  physical  plane  can  be  mapped  into  a  parametric  plane  in  which  distances  in  the  directions  of  o_]  and  0.2 
have  been  scaled  by  amounts  Si  and  82  respectively.  In  the  parametric  plane  the  mesh  generator  described  above  is 
used  to  construe,  a  regular  mesh  of  clement  size  equal  to  unity.  The  required  mesh  can  be  obtained  by  transforming 

the  generated  mesh  back  to  the  physical  plane.  The  two  vectors  cli  and  a.2  and  the  scalar  quantities  8j  and  62  used  to 
define  the  characteristics  of  the  mesh  are  termed  the  mesh  parameters.  This  process  is  illustrated  in  figure  4. 

2.4  Variable  Size  and  Stretching 

For  most  practical  applications  11  will  be  required  10  produce  a  mesh  in  which  the  parameters  will  vary  from 

point  to  point  in  the  domain.  To  specify  this  spatial  variation  of  mesh  parameters  for  the  mesh  generator  a  back¬ 
ground  mesh  of  linear  triangles  is  employed.  The  mesh  parameters  are  assumed  to  vary  in  a  piecewise  linear  man¬ 
ner  and  this  is  accomplished  by  specifying  the  values  of  these  parameters  at  each  node  of  the  background  mesh. 

This  background  mesh  must  completely  cover  the  domain  which  is  to  be  discretiscd  but  there  is  no  requirement  for 

it  to  accurately  follow  the  domain  geometry.  For  most  practical  problems  an  initial  mesh  which  exhibits  a  simple 

distribution  of  mesh  size  and  stretching,  can  be  produced  with  a  background  mesh  which  consists  of  only  a  few  tri¬ 
angles  However,  the  generation  of  more  sophisticated  meshes.  as  for  example  meshes  adapted  to  the  flow  solution, 

may  require  a  substantially  larger  and  more  compicx  background  mesh.  A  procedure  to  systematically  produce 

background  meshes  of  this  type  will  be  described  later  in  the  section  on  adaptivity. 

When  the  spatial  distribution  of  mesh  parameters  has  been  specified  the  desired  mesh  can  be  obtained  by 
using  the  generation  procedure  illustrated  in  figure  5.  In  this  figure  the  modifications  to  the  previous  procedure 

which  arc  necessary  to  include  the  effects  of  variable  size  and  stretching  have  been  indicated  by  using  bold  boxes. 

To  illustrate  this  process,  two  meshes  which  have  been  generated  over  a  rectangular  region  using  a  back¬ 
ground  mesh  containing  only  two  triangular  elements  are  shown  in  figure  6. 

3.  THREE  DIMENSIONAL  MESH  GENERATION 

The  mesh  generation  strategy  proposed  here  for  three  dimensional  domains  is  a  direct  extension  of  that  pre¬ 
sented  above  for  two  dimensions  The  three  dimensional  space  is  discretiscd  into  tetrahedral  elements  and  the  char¬ 
acteristics  of  these  elements  are  specified  by  the  three  dimensional  mesh  parameters,  viz  three  mutually  orthogonal 
directions  a.1 .  CL2  and  0.3  with  corresponding  sizes  81,82  and  83  (figure  7).  During  the  generation  process,  the  local 
values  of  the  mesh  parameters  are  interpolated  from  a  background  mesh  of  linear  tetrahedral  elements.  The  bound¬ 

ary  of  the  three  dimensional  domain  is  defined  in  terms  of  orientated  surface  components  which  intersect  along 
curve  components.  The  discretisation  of  the  curve  components  is  performed  first  and  then  each  surface  component 
is  discretised  into  orientated  triangular  faces.  The  procedures  employed  for  discrctising  both  curves  and  surfaces 

make  use  of  the  techniques  used  in  the  two  dimensional  mesh  generator  described  above.  The  collection  of  these  tri¬ 
angular  faces  forms  the  initial  generation  front.  The  advancing  front  approach  is  used  to  discretisc  the  domain  into 

tetrahedral  elements,  with  points  and  elements  being  created  according  to  the  distribution  of  the  mesh  parameters 
specified  by  the  background  mesh.  The  front  is  updated  as  each  new  tetrahedron  is  generated  and  the  process  ter¬ 
minates  when  the  front  is  empty.  This  approach  to  the  problem  of  discrctising  a  general  three  dimensional  domain 

is  illustrated  schematically  in  figure  8. 

3.1  Complete  Aircraft  Configuration 

In  computational  aerodynamics,  a  typical  problem  of  current  interest  is  the  prediction  of  the  inviscid  flow- 
field  ab'  t  complete  aircraft  configurations.  Figure  9(a)  shows  the  computational  domain  which  is  adopted  for  the 
simulation  of  such  a  problem  involving  flow  past  a  generic  fighter  with  canard,  rranked  delta  wing,  venical  fin 

and  engine  inlet.  The  background  mesh  employed  is  illustrated  in  figure  9(b).  The  curve  components,  defined  in 
terms  of  cubic  splines  and  the  discretisation  of  these  components  is  displayed  in  figure  9(c).  The  individual  surface 
components  are  described  by  patches  of  bi-cubic  splines  and  the  surface  discretisation  process  is  illustrated  in  fig¬ 
ure  9(d).  The  triangulation  of  the  components  is  performed  by  mapping  each  component  in  turn  onto  a  two  dimen¬ 

sional  parameter  plane  and  employing  the  two  dimensional  mesh  generator  (11).  The  effect  of  the  mapping  on  the 
mesh  parameters  must  be  correctly  interpreted,  so  as  to  ensure  that  the  generated  mesh  meets  the  specified  mesh 


Figure  9.  Mesh  generation  for  a  complete  aircraft  configuration,  a)  computational  domain, 
b)  background  mesh,  c)  curve  components  representation  and  generated  points, 
d)  surface  discretisation  and  e)  partial  view  of  the  tetrahedral  mesh. 


Figure  10.  Three  dimensional  mesh  generation  timings. 
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Figure  11.  Mesh  quality  statistics. 
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requirements  when  mapped  back  onto  the  surface.  The  tetrahedra  generation  can  now  begin  and  an  intermediate 

stage  of  the  process  is  displayed  in  figure  9(e).  This  process  involves  the  same  algorithmic  steps  as  the  triangle  gen¬ 
eration  procedure  described  for  two  dimensions.  However,  the  consistency  test  which  must  be  done  on  the  newly 
generated  elements  is  more  complicated.  In  our  implementation  we  ensure  that  no  new  edge  intersects  with  any  ex¬ 
isting  face  in  the  front,  and  that  no  new  face  intersects  with  any  existing  edge  in  the  front.  Moreover,  elements 

with  excessively  small  angles  are  not  accepted. 

3.2  The  Alternate  Digital  Tree  (ADT)  Data  Structure 

From  the  previous  section  it  is  apparent  that  a  successful  implementation  of  the  three  dimensional  mesh  gen¬ 
erator  will  require  the  use  of  a  data  structure  which  enables  certain  sorting  and  searching  operations  to  be  per¬ 

formed  efficiently.  The  main  operations  of  this  type  which  we  have  to  perform  are: 

Insertion  -  Addition  of  new  items  to  a  list 
Deletion  -  Removal  of  items  from  a  list 

Geometric  searching  -  Identification  of  the  elements  from  a  list  which  are  close  in  the  physical  space  to  a 
specified  item  in  the  list. 

Geometric  intersection  -  Identification  of  the  elements  from  a  list  which  intersect  in  the  physical  space  with 
a  specified  item  in  the  list. 

The  alternate  digital  tree  [12]  is  a  data  structure  which  enables  the  above  operations  to  be  performed  opti¬ 

mally.  It  is  a  generalisation  of  the  binary  tree  search  [13!  and  has  the  ability  to  deal  with  either  nodes,  edges,  faces 
or  elements  as  single  items.  It  can  be  extended  to  any  number  of  dimensions  and  only  requires  two  additional  mem¬ 
ory  addresses  per  item.  An  inconvenience  associated  with  the  ADT  is  that  its  use  results  in  a  scalar  process  with  in¬ 
tensive  indirect  addressing  and  it  is  therefore  not  vectorisable.  However,  it  offers  interesting  possibilities  for  par¬ 
allelisation  which  arc  currently  being  explored. 

In  our  implementation  an  ADT  data  structure  is  employed  for  the  generation  front  and  also  for  the  back¬ 
ground  mesh.  The  computational  performance  of  the  method  is  illustrated  in  figure  10  which  plots  computer  time 
against  the  number  N  of  elements  generated.  It  can  be  observed  that  a  typical  N*log(N)  behaviour  is  attained.  The 
three  dimensional  meshes  shown  in  this  paper  have  been  generated  on  a  VAX-8700  at  an  approximate  rate  of  30,000 
tetrahedra  per  CPU  hour 

3.3  Mesh  Quality  Assessment 

Any  discussion  of  mesh  quality  should  be  intimately  related  to  the  form  of  the  solution  which  is  to  be  repre¬ 

sented  on  the  mesh  Two  factors  need  to  he  considered  here: 

1. -  Determination  of  the  characteristics  of  the  optimal  mesh  for  the  problem  at  hand.  This  introduces  the  con¬ 
cept  of  adaptivity  and  this  aspect  is  considered  in  the  next  section. 

2. -  Assessment  of  how  well  the  generated  mesh  meets  the  requirements  specified  by  the  mesh  parameters. 
This  assessment  can  be  made  by  examining  the  generated  mesh  and  determining  the  statistical  distribution  of 
certain  indicators.  For  example  in  figure  11  we  have  chosen  as  indicators  the  number  of  elements  around  an 
edge,  the  dihedral  angle  and  the  edge  length.  These  indicators  arc  compared  with  optimal  values  which  arc 
determined  using  the  local  values  of  the  mesh  parameters. 

4.  FLOW  SOLVER 

The  solution  of  the  Euler  equations  on  arbitrary  triangular  and  tetrahedral  meshes  is  accomplished  by  using 

an  explicit  two  step  finite  clement  method  [5,141.  Stability  in  the  vicinity  of  flow  discontinuities  is  maintained  by  the 

application  of  an  explicit  artificial  viscosity  based  on  a  pressure  sensor.  Boundary  conditions  arc  applied  via  the 

integral  statement  and  arc  based  upon  the  use  of  a  linearised  characteristic  analysis.  A  highly  vectorised  form  of 
the  code  has  been  produced  [151.  The  memory  requirements  for  the  three  dimensional  version  of  the  code  arc  94 

storage  locations  per  node  On  a  single  processor  of  a  CRAY-XMP  the  time  required  per  iteration  and  per  node  is  ap¬ 

proximately  70  microseconds. 

For  the  solution  of  the  Navier-Stokes  equations,  we  employ  a  semi-structured  mesh  in  the  immediate  vicinity 

of  solid  walls  and  a  fully  unstructured  mesh  elsewhere.  The  semi-siruclurcd  mesh  is  constructed  by  expanding 
slightly  the  solid  surface  in  the  normal  direction  and  dividing  the  region  formed  into  a  prescribed  number  of  expo¬ 
nentially  stretched  layers  of  quadrilaterals  in  two  dimensions  or  triangular  prisms  in  three  dimensions.  An  implicit 
solution  scheme  is  used  in  the  region  where  the  mesh  is  semi-structured,  with  the  mesh  structure  being  utilised  in 
an  equation  solution  procedure  based  upon  line  relaxation.  On  the  unstructured  portion  of  the  mesh  the  explicit  two 
step  algorithm  is  again  applied  [16|. 

5.  ADAPTIVITY 

An  adaptive  mesh  approach  is  proposed  in  which  each  mesh  adaptation  is  accomplished  by  complete  regener¬ 
ation  of  the  mesh.  The  computed  solution  on  the  current  mesh  is  used  to  provide  local  information  for  the  'optimum' 
distribution  of  the  mesh  parameters  for  the  new  mesh.  The  procedure  is  illustrated  in  the  flowchart  of  figure  12.  It 
can  be  observed  that  the  essential  feature  of  the  process  is  the  determination  of  the  new  distribution  for  the  mesh 
parameters.  This  is  accomplished  by  using  an  error  indicator,  which  is  produced  here  by  applying  the  results  of 
interpolation  theory  [17[. 

5.1  Error  Indicator 

We  assume  that  we  have  computed  a  converged  solution  to  the  problem  of  interest  on  a  certain  grid  and  we 
intend  to  use  this  solution  to  predict  the  distribution  of  the  error.  Although  we  are  dealing  with  a  vector  system  of 
equations,  the  error  indication  is  generally  based  upon  a  representative  scalar  key'  variable,  generally  the  density 
or  the  Mach  number. 
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Figure  16.  F-18  fighter  configuration. 
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The  error  indication  procedure  is  first  illustrated  in  one  dimension.  Having  chosen  a  key  variable  6,  we  as¬ 
sume  that  the  computed  nodal  values  are  exact  and  then  estimate  the  root  mean  square  value  of  the  local  error  as 


EeRMS  =  ^he2^ 


(5.1) 


The  second  derivative  can  be  estimated,  on  a  mesh  of  linear  elements,  by  using  the  technique  of  variational  recov¬ 
ery  [14).  Applying  the  requirement  of  equi-distribution  of  the  error  [18],  it  follows  that  the  size  8  on  the  new  mesh 
should  be  computed  according  to 
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When  these  ideas  are  extended  into  two  or  three  dimensions,  we  encounter  a  matrix  m  of  second  derivatives. 
The  criterion  of  equi-distribution  of  the  error  leads  to  the  requirement 
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for  the  size  8p  in  direction  g..  The  local  mesh  parameters  81,82  and  83,  with  corresponding  directions  a.1 , 02  and  03, 
for  the  new  mesh  are  now  obtained  by  applying  equation  (5.3)  in  each  of  the  principal  directions  of  the  matrix  m 
in  turn.  The  value  adopted  for  the  constant  in  equation  (5.3)  is  proportional  to  the  level  of  accuracy  desired  and 
hence  governs  the  number  of  elements  that  will  be  present  in  the  new  mesh.  It  is  apparent  that  in  regions  of  uni¬ 
form  flow  the  computed  values  of  the  mesh  size  will  be  very  large.  Practical  mesh  generation  consuaints  therefore 

require  that  the  user  should  specify  a  maximum  allowable  value  for  the  local  size  on  the  new  mesh. 

5.2  Adaptive  Mesh  Regeneration 

With  the  values  of  the  new  mesh  parameters  computed  at  every  node  of  the  current  mesh,  the  mesh  genera¬ 
tion  process  is  employed  again  but  now  using  the  current  mesh  as  the  background  mesh.  The  application  of  this  ap¬ 
proach  is  illustrated  in  figure  13,  which  shows  the  results  obtained  for  the  problem  of  two  dimensional  inviscid  flow 

at  a  Mach  number  of  8.15  past  a  double  ellipse  configuration  at  30°  angle  of  attack. 

6.  EXAMPLES 


In  this  section  we  present  some  examples  which  demonstrate  the  application  of  the  techniques  described 
above  to  the  modelling  of  aerodynamical  flows. 

6.1  Transonic  Wing 

The  transonic  flow  past  a  W4  wing  is  computed.  The  free  stream  Mach  number  is  0.778  and  the  angle  of  attack 
is  0.52°.  The  outer  boundary  of  the  computational  domain  was  taken  at  a  distance  of  15  root  chords.  A  total  of  279,196 
tetrahedra  is  employed  to  discretise  the  solution  domain.  Although  the  ratio  of  the  maximum  to  the  minimum  ele¬ 
ment  size  is  of  the  order  of  several  hundred,  very  little  distortion  is  observed.  Figure  14  shows  the  triangulation  on 
the  surface  of  the  wing  and  the  pressure  coefficient  distribution  at  various  cross  sections  along  the  wing  span  after 
2,000  iterations. 

6.2  Boeing  747  in  Landing  Configuration 

The  flow  past  a  landing  Boeing  747  aircraft  at  a  Mach  number  of  0.3  and  5°  angle  of  attack  is  considered.  Fig¬ 
ure  15  shows  the  geometry  definition  employed  which  utilises  35  surface  components  together  with  the  surface  tri¬ 

angulation  and  the  pressure  distribution  computed.  The  surface  is  represented  by  26,060  triangular  faces.  The  com¬ 
putational  domain  extends  30  chord  lengths  and  is  filled  with  388,614  tetrahedral  elements  of  varying  size  but  with¬ 
out  distortion,  ft  is  noted  that  the  slats  and  flaps  are  modelled  deployed  with  the  trailing  flaps  detached  from  the 

main  wing. 

6.3  F-18  Fighter  Configuration 

The  surface  geometry  of  an  F-18  configuration  is  defined  in  terms  of  37  surface  components  and  87  line  com¬ 
ponents.  The  body  surface  is  discretised  into  61,468  triangular  faces  and  the  computational  domain  is  filled  with 
903,282  tetrahedral  elements.  A  flow  simulation  was  made  at  a  Mach  number  of  0.9  and  an  angle  of  attack  of  3°.  En¬ 
gine  inlet  conditions  took  the  form  of  a  specified  Mach  number  of  0.4  and  a  jet  pressure  ratio  of  3  was  assumed  to 
determine  the  outlet  conditions.  The  surface  definition  and  the  computed  surface  pressure  contour  distributions  are 

shown  in  figure  16. 

6.4  Shock  Interference  on  Cylindrical  Leading  Edges 

The  prediction  of  the  aerodynamic  heating  resulting  from  shock  interaction  problems  on  cylindrical  leading 
edges  is  of  great  interest  to  the  designers  of  hypersonic  vehicles.  Interactions  of  this  type  can  lead  to  highly  lo¬ 
calised  and  intense  pressures  and  heat  transfer  rates  [19]  which  result  in  stress  levels  which  are  a  significant  haz¬ 
ard  to  load  carrying  structures.  A  two  dimensional  laminar  Navier-Stokes  simulation  has  been  attempted  using  the 

adaptive  remeshing  procedure.  The  undisturbed  free  stream  Mach  number  is  8.03  and  the  Reynolds  number,  based 
upon  the  cylinder  radius  is  l.71*105.  The  fluid  which  has  been  turned  by  the  shock  generator  enters  the  computa¬ 
tional  domain  with  a  Mach  number  of  5.26.  The  mesh  obtained  after  two  adaptive  iterations  and  the  temperature 
contour  distribution  are  shown  in  figure  17a.  A  structured  mesh  of  32  exponentially  stretched  layers  has  been  used 
in  the  vicinity  of  the  cylinder  surface.  Interest  is  now  being  directed  towards  a  study  of  a  similar  problem  in  three 
dimensions  where  the  cylindrical  leading  edge  is  swept  in  an  attempt  to  determine  whether  or  not  the  same  be¬ 
haviour  can  be  expected.  The  experimental  configuration  and  the  domain  chosen  for  the  computational  simulation 
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Figure  17.  Shock-inicraction  on  a  cylindrical  leading  edge,  a)  mesh  obtained  after  two  adaptive  iterations  and 
the  temperature  contours,  b)  schematic  of  an  experimental  configuration  in  which  the  leading  edge 
is  swept,  c)  initial  and  adapted  meshes  with  corresponding  density  contours  for  an  inviscid  Simula- 
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Figure  17  (continued)  Shock-interaction  on  a  cylindrical  leading  edge,  d)  initial  and  adapted  meshes  with  corre¬ 
sponding  pressure  (Cp>  contours  and  a  comparison  between  experimental  and  computed  surface  dis¬ 
tributions  ot  pressure  and  heating  rate 
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is  shown  diagrammatically  in  figure  17b.  An  inviscid  analysis  was  performed  first  and  the  initial  mesh  used  and  the 
adapted  meshes  produced,  with  corresponding  computed  density  contour  distribution,  are  shown  in  figure  17c.  A 
viscous  simulation  has  been  attempted  using  the  initial  mesh  and  adapted  mesh  shown  in  figure  17d.  The  distribu¬ 
tion  of  the  pressure  (Cp)  on  selected  planes  is  also  shown  as  is  the  comparison  between  experimental  and  computed 
surface  pressure  and  heat  transfer  distributions.  In  this  case  ten  structured  layers  of  triangular  prisms  are  em¬ 
ployed  in  the  vicinity  of  the  cylinder  surface. 

6.S  Generic  Fighter  Configuration 

In  this  example  the  adaptive  remeshing  procedure  is  applied  for  first  time  to  a  full  aircraft  configuration. 
The  geometry  considered  is  that  of  the  generic  fighter  model  used  for  illustration  in  section  3  above  and  which  has 
been  studied  previously  using  an  algebraic  structured  mesh  generation  approach  [20  ] .  The  flow  conditions  corre¬ 

spond  to  a  supersonic  Mach  number  of  2  and  an  angle  of  attack  of  3.79u  The  computational  domain  considered  in¬ 
cludes  a  full  simulation  of  the  engine  air  intake.  The  engine  inlet  was  modelled  by  prescribing  an  engine  opera¬ 
tional  Mach  number  of  0.3.  Supercritical  flow  conditions  were  prescribed  at  the  engine  outlet.  The  first  mesh  used 
consisted  of  153,044  elements  and  the  solution  obtained  for  the  pressure  on  the  plane  of  symmetry  and  on  the  sur¬ 
face  of  the  fighter  is  displayed  in  figure  18.  In  the  remeshing  procedure  the  density  was  chosen  as  the  'key'  vari¬ 
able.  The  regenerated  mesh  consists  of  only  140,250  elements  with  the  minimum  element  size  being  3.5  times  smaller 
than  in  the  first  mesh.  This  increase  in  resolution  is  apparent  by  examining  the  solution  on  the  regenerated  mesh 
which  is  also  shown  in  figure  18.  The  surface  of  the  fighter  is  represented  in  the  regenerated  mesh  by  14,524  trian¬ 

gular  faces,  whereas  only  8,256  triangular  faces  were  used  in  the  initial  mesh. 

7.  CONCLUSIONS 

Wc  have  presented  an  approach  for  generating  unstructured  meshes  for  computational  domains  of  complex 
shape  in  both  two  and  three  dimensions.  An  essential  feature  of  the  advocated  method  is  that  it  allows  for  the  incor¬ 
poration  of  a  solution  adaptive  mesh  procedure  in  a  natural  manner.  Although  the  approach  is  powerful,  in  that  it 
allows  solutions  for  complete  aircraft  configurations  to  be  obtained  in  a  timescale  of  the  order  of  two  or  three  days, 
certain  major  problem  areas  still  remain  to  be  resolved.  To  improve  the  accuracy  of  the  computed  solutions,  we  need 
to  be  able  to  obtain  more  control  on  the  quality  of  the  generated  mesh  and  to  simultaneously  develop  solution  algo¬ 
rithms  which  are  less  sensitive  to  the  mesh  quality.  To  improve  the  performance  of  the  adaptivity  algorithm  we 

need  to  produce  more  sophisticated  and  reliable  error  indicators,  which  will  enable  the  distribution  of  the  new 

mesh  parameters  to  be  predicted  with  a  high  degree  of  confidence.  While  these  problems  remain,  it  is  worth  noting 

the  rapid  pr  frress  that  has  recently  been  made  in  the  use  of  unstructured  meshes  for  the  simulation  of  aerody¬ 
namic  flows.  If  this  progress  is  maintained,  ii  can  be  expected  that  unstructured  mesh  methods  will  play  an  in¬ 

creasingly  important  role  in  this  area  in  the  near  future. 

REFERENCES 

1.  A.  Jameson,  "Successes  and  challenges  in  computational  aerodynamics”,  A1AA  paper  87-1  184,  1987. 

2.  M.  O  Bristeau,  O.  Pironncau,  R  Cdowmski.  J.  Pcriaux.  P.  Perrier  and  G.  Poirier,  "On  the  numerical  solution  of 

non-linear  problems  in  fluid  dynamics  by  least  squares  and  finite  clement  methods  II  :  Application  to  tran¬ 
sonic  flow  simulations”,  Proceedings  of  the  3rd  International  Conference  on  Finite  Elements  in  Nonlinear  Me¬ 

chanics.  FENOMECH84,  Stuttgart,  edited  by  J.  St  Doltsinis.  North  Holland.  363-394,  1985. 

3  A.  Jameson,  T.  J.  Baker  and  N.  P.  Weatherill,  "Calculation  of  inviscid  transonic  flow  over  a  complete  aircraft", 

AIAA  Paper  86-0103,  1986. 


4  T  J  Baker.  "Three  dimensional  mesh  generation  by  triangulation  of  arbitrary  point  sets",  AIAA  paper  87- 
1124,  1987. 

5.  J.  Pcrairc,  J.  Pciro,  L  Formaggia.  K  Morgan  and  O.  C.  Zicnkicwicz,  "Finite  clement  Euler  computations  in 

three  dimensions  ',  Ini.  J.  Num.  Mcth.  Engng  ,  26,  2135-2159,  1988. 

6  B.  Stoufflet.  J.  Pcriaux.  F.  Fczoui  and  A.  Dcrvicux,  "Numerical  simulation  of  3D  hypersonic  Euler  flows  around 

space  vehicles  using  adapted  finite  elements",  AIAA  Paper  87-0560,  1987. 

7.  R  LOhncr,  K  Morgan,  J.  Pcrairc  and  O  C.  Zicnkicwicz,  "Finite  clement  methods  for  high  speed  flows',  AIAA 

Paper  85- 1531  -CP.  1985. 

8  A  J.  George,  "Computer  implementation  of  the  finite  clement  method",  Ph.  D.  Thesis,  Stanford  University, 

STAN-CS-71  -208,  1971. 

9.  J  Pcrairc,  M  Vahdati,  K.  Morgan  and  O  C.  Zicnkicwicz,  "Adaptive  remeshing  for  compressible  flow  computa¬ 

tions".  J.  Comp.  Phys.,  72,  449-466,  1987. 

10.  J.  Pcrairc.  J  Pciro,  K.  Morgan  and  O  C.  Zicnkicwicz.,  "Finite  clement  mesh  generation  and  adaptive  procedures 

for  CFD",  Lecture  presented  at  the  GAMNI/SMAI  Conference  on  Automated  and  Adaptive  Mesh  Generation, 

Grenoble,  France,  1-2  October  1987. 

11  J  Pciro,  J  Pcrairc  and  K.  Morgan,  "The  generation  of  triangular  meshes  on  surfaces".  Proceedings  of  the 

POLYMODEL  XII  Conference,  Newcastle  upon  Tyne,  May  23-24,  1989. 

12  J.  Bond  and  J,  Pcrairc,  "An  alternate  digital  tree  algorithm  for  geometric  searching  and  intersection  prob¬ 

lems',  University  College  of  Swansea  Report  C/R/619/88. 

13.  D.  E.  Knuth,  “  The  an  of  computer  programming,  Volume  1  :  Fundamental  Algorithms",  2nd  Edition,  Addison 

Wesley  Pub  Co.,  1973. 


14.  K.  Morgan  and  J.  Peraire.  "Finite  element  methods  for  compressible  flows"  von  Karman  Institute  for  Fluid  Dy¬ 

namics,  Lecture  series  1987  -  04,  1987. 

15.  L.  Formaggia,  J.  Peraire,  K.  Morgan  and  J.  Peiro,  "Implementation  of  a  3D  explicit  Euler  solver  on  a  CRAY  com¬ 
puter",  Proceedings  of  the  4th  International  Symposium  on  Science  and  Engineering  on  CRAY  Supercomput¬ 
ers,  45-65,  Minneapolis,  1988. 

16.  O.  Hassan,  K.  Morgan  and  J.  Peraire,  "An  adaptive  implicit/cxplicil  finite  element  scheme  for  compressible 

viscous  high  speed  flows",  AIAA  Paper  89-0363.  1989. 

17.  P.  G.  Ciarlet,  "The  finite  element  method  for  elliptic  problems",  North  holland,  1978. 

18.  J.  T.  Oden,  "Grid  optimisation  and  adaptive  meshes  for  finite  element  methods",  University  of  Texas  at  Austin 

Notes,  1983. 

19.  A.  R.  Wieting,  "Experimental  study  of  shock  wave  interference  heating  on  a  cylindrical  leading  edge",  NASA 

TM  100484,  1987. 

20.  L.-E.  Eriksson,  R.  E.  Smith.  M.  R.  Wiese  and  N.  Farr,  "Grid  generation  and  inviscid  flow  computation  about 
cranked-winged  airplane  geometries",  AIAA  Paper  87-1125,  1987. 

ACKNOWLEDGEMENTS 

The  authors  wish  to  acknowledge  the  support  received  from  the  Acrothermal  Loads  Branch  at  NASA  Langley 
Research  Center,  Avions  Marcel  Dassault  under  the  HERMES  project  and  also  the  Civil  and  Military  Aircraft  Divisions 
of  British  Aerospace  pic. 


GENERATION  AND  ADAPTATION  OF  3-D  UNSTRUCTURED  GRIDS 

FOR  TRANSIENT  PROBLEMS 

Rainald  Lohner 

School  of  Engineering  and  Applied  Science 
George  Washington  University 
Washington,  D.C.  20052,  USA 


SUMMARY 

We  describe  grid  generation  and  adaptive  refinement  techniques  suitable  for  the  simulation 
of  strongly  unsteady  flows  past  geometrically  complex  bodies  in  3-D.  The  grids  are  generated 
using  the  advancing  front  technique.  Emphasis  is  placed  not  to  generate  elements  that  are 
too  small,  as  this  would  severely  increase  the  cost  of  simulations  with  explicit  flow  solvers. 
The  grids  are  adapted  to  an  evolving  flowfield  using  simple  h-refinement.  A  grid  change  is 
performed  every  5-10  timesteps,  and  only  one  level  of  refinement /coarsening  is  allowed  per 
mesh  change. 

1.  INTRODUCTION 

While  the  development  of  numerical  algorithms  to  solve  the  Euler  and  Navier-Stokes 
equations  has  reached  a  considerable  degree  of  maturity,  the  development  of  grid  generation 
schemes  has  lagged  behind.  Currently,  this  area  is  the  pacing  item  that  precludes  the  full 
exploitation  of  CFD  for  engineering  design  and  analysis.  The  methods  proposed  so  far  for  the 
generation  of  unstructured  grids  may  be  grouped  into  two  families: 

a)  those  that  fill  ‘empty’,  i.e.  not  yet  gridded  space,  and 

b)  those  that  improve  an  existing  grid,  starting  from  a  grid  that  only  considers  boundary 

points. 

The  first  family  of  methods  are  the  so-called  advancing  front  algorithms  [1-6],  whereby  empty 
space  is  filled  by  the  introduction  of  elements.  The  second  family  of  methods  are  the  so-called 
generalized  Voronoi  algorithms  [7-16],  whereby  an  existing  grid  is  improved  by  the  introduction 
of  points.  Besides  the  choice  of  how  to  grid  3-D  space,  one  must  provide  information  as  to  how 
the  element  size,  stretching  and  stretching  directions,  or  equivalently  the  point  distribution 
should  vary  in  space.  Two  main  families  of  methods  may  be  identified: 

a)  schemes  that  generate  the  point  distributions  before  gridding  the  domain,  and 

b)  schemes  that  generate  the  point  distributions  while  gridding  the  domain. 

For  the  first  family  of  methods,  points  have  been  generated  from  cartesian  point  distributions 
with  or  without  embedding  [1,10],  random  point  distributions  with  or  without  embedding 
[2,7-9,11-13],  and  point  distributions  obtained  from  overlapping  algebraic  grids  [14,15].  For 
the  second  family  of  methods,  point  distributions  have  been  generated  based  on  background 
grids  [3-5],  or  according  to  some  desired  grid  quality  not  yet  achieved  by  the  current  grid  [6,16]. 
Within  an  adaptive  remeshing  context  [25-27],  the  background  grid  concept  clearly  offers  the 
greatest  flexibility.  However,  for  the  generation  of  a  first  mesh  one  may  prefer  one  of  the  other 
schemes. 

A  second,  separate  issue  that  must  be  addressed  is  the  technique  used  to  define  the 
domain  to  be  gridded.  More  specifically:  the  definition  of  the  surfaces  surrounding  the  flow 
fields.  Among  the  many  techniques  available,  we  mention:  analytic  definition  (for  simple 
geometries),  Bezier-patches,  and  transfinite  mappings.  Our  experience  indicates  that  the  input 


of  the  surface-defining  information  typically  takes  a  large  portion  of  the  total  grid-generation 
time.  It  is  man-hour  intensive  and  difficult  to  automate.  The  advent  of  powerful  graphics 
workstations,  such  as  the  IRIS-4D,  has  made  it  possible  to  considerably  reduce  the  time 
required  to  input  the  information  necessary  for  the  generation  of  three-dimensional  grids  [17]. 
This  is  accomplished  by  providing  the  user  with  rapid  and  clear  visualization  of  input  and 
output.  At  the  same  time,  error  checking  is  provided  in  a  natural  way. 

Finally,  the  third  issue  that  must  be  addressed  is  the  grid  adaptation  to  the  solution. 
Particularly  for  transient  problems  involving  shock  impact  and  reflection,  the  element  size 
needed  to  achieve  high  accuracy  changes  with  the  position  of  the  discontinuities.  It  would  be 
extremely  wasteful  to  use  an  overall  fine  grid.  Therefore,  we  adapt  the  mesh  to  the  solution 
as  it  evolves  in  time.  We  have  found  that  classic  h-refinement  [20-24]  works  best  for  strongly 
unsteady  flows,  where  a  grid  change  is  required  every  5-10  timesteps.  On  the  other  hand,  for 
slowly  unsteady  flows,  we  prefer  adaptive  remeshing  [25-27]. 

2.  THE  GRID  GENERATOR:  ADVANCING  FRONT  WITH  BACKGROUND 
GRID 

"''he  main  algorithmic  steps  required  to  generate  a  grid  using  the  advancing  front  method 
with  i  oint  distributions  imposed  by  a  background  grid  are  as  follows: 

F.l  Define  the  boundaries  (surfaces)  of  the  domain  to  be  gridded.  In  the  current  approach, 
this  is  done  with  surface  patches.  At  the  same  time,  find  the  intersection  lines  of  these 
surface  patches. 

F.2  Set  up  a  background  grid  to  define  the  spatial  variation  of  the  size,  the  stretching,  and 
the  stretching  direction  of  the  elements  to  be  generated.  The  background  grid  consists 
of  tetrahedrons.  At  the  nodes  define  the  desired  element  size,  stretching  and  stretching 
direction.  This  background  grid  must  completely  cover  the  domain  to  be  gridded. 

F.3  Using  the  information  stored  on  the  background  grid,  form  sides  along  the  lines  where 
surface  patches  intersect. 

F.4  Using  the  information  stored  on  the  background  grid,  and  the  s’des  formed  along  the 
lines  connecting  surface  patches,  generate  faces  on  each  surface  patch.  The  assembly  of 
all  these  faces  yields  the  initial  front.  At  the  same  time,  find  the  generation  parameters 
(element  size,  stretching  and  stretching  direction)  for  these  faces  from  the  background 
grid. 

F.5  Select  the  next  face  to  be  deleted  from  the  front;  in  order  to  avoid  large  elements  crossing 
over  regions  of  small  elements,  the  face  forming  the  smallest  new  element  is  selected  as 
the  next  face  to  be  deleted  from  the  list  of  faces. 

F.6  For  the  face  to  be  deleted: 

F.6.1  Select  a  ‘best  point’  position  for  the  introduction  of  a  new  point  IPNEW. 

F.6. 2  Determine  whether  a  point  exists  in  the  already  generated  grid  that  should  be  used 
in  lieu  of  the  new  point.  If  there  is  such  a  point,  set  this  point  to  IPNEW  and  continue 
searching  (go  to  F.6.2). 

F.6.3  Determine  whether  the  element  formed  with  the  selected  point  IPNEW  does  not 

cross  any  given  laces.  If  it  does,  select  a  new  point  as  IPNEW  and  try  again  (go  to 
F.6.3). 

F.7  Add  the  new  element,  point,  and  faces  to  their  respective  lists. 

F.8  Find  the  generation  parameters  for  the  new  faces  from  the  background  grid. 

F.9  Delete  the  known  faces  from  the  list  of  faces. 

F.10  If  there  are  any  faces  left  in  the  front,  go  to  F.5. 

There  are  several  interesting  algorithmic  aspects  which  should  be  mentioned: 


a)  Extensive  use  is  made  of  optimal  data  structures  to  perform  the  search  operations  involved. 
In  particular,  we  use  heap-lists  to  find  the  next  face  to  be  deleted  (step  F.5),  quad-trees 
to  find  the  closest  given  points  to  a  new  point  (step  F.6.2),  and  linked  lists  to  find  the 
faces  adjacent  to  a  given  point  (step  F.6.3).  We  combine  quad-trees  and  linked  lists  to 
find  for  any  given  location  the  values  of  generation  parameters  from  the  background  grid 
(steps  F.3,F.4  and  F.8).  The  algorithmic  complexity  of  the  overall  algorithm  should  be 
of  0(N  log  N).  In  practice,  we  find  it  to  be  closer  to  O(N),  as  we  continuously  delete 
domain  points  from  the  lists,  and  the  subroutine-calls  require  some  overhead. 

b)  The  checking  of  face-intersections  is  a  non-trivial  problem  in  3-D.  It  also  requires  a  large 
amount  of  CPU-time  due  to  the  algorithmic  complexity  involved.  In  order  to  make  this 
process  faster,  a  layered  face-checking  approach  was  implemented  [5].  This  resulted  in  a 
significant  reduction  of  CPU  time. 

c)  The  current  version  of  the  3-D  grid  generator  code  runs  at  about  450-500  tetrahe- 
dra/second  on  a  CRAY-2S.  Thus,  it  takes  about  40  minutes  to  generate  a  grid  of  one 
million  tetrahedra.  Such  a  grid  is  deemed  adequate  for  most  standard  Euler  calculations. 

d)  In  order  to  speed  up  the  grid  generation  process  further,  we  use  global  h-refinement.  This 
is  accomplished  by  subdividing  each  tetrahedron  into  eight  smaller  ones.  As  this  operation 
is  totally  vectorizable,  it  poses  no  overhead  for  the  grid  generator.  Grid  generation  times 
are  thus  reduced  by  a  factor  of  eight,  making  it  possible  to  generate  a  grid  of  one  million 
tetrahedra  in  approximately  5  minutes. 

e)  Most  of  the  current  shock-interaction  flow  codes  advance  the  solution  in  time  using  explicit 
schemes.  Therefore,  it  is  important  not  to  create  even  a  single  element  that  is  too  small. 
To  this  end,  we  have  developed  post-processing  routines  that  delete  from  the  mesh  all 
elements  that  are  too  small. 

3.  A  VORONOI  ALGORITHM  WITH  BACKGROUND  GRID 

In  certain  applications  (e.g.  simple  finite-volume  Maxwell-solvers),  one  may  desire  to 
guarantee  that  the  generated  grid  represents  a  Delauney  triangulation.  We  can  also  use  the 
background-grid  concept  to  obtain  point-distributions  in  conjunction  with  Delauney  triangu¬ 
lations.  All  that  is  required  is  to  modify  the  algorithm  described  above  as  follows: 

F.5  Select  the  next  element  to  introduce  a  point;  it  makes  good  sense  to  introduce  a  point 
for  the  element  that  shows  the  highest  discrepancy  between  the  actual  and  the  desired 
element  size  and  shape. 

F.6  For  the  element  where  a  point  is  to  be  introduced: 

F.6.1  Introduce  the  new  point  IPNEW. 

F.6.2  Determine  the  tetrahedra  that  have  to  be  broken  up  in  order  to  recover  a  Delauney 
triangulation. 

F.8  Find  the  desired  element  size  and  shape  for  the  newly  formed  tetrahedra  from  the  back¬ 
ground  grid. 

4.  ADAPTIVE  REFINEMENT 

Besides  their  ability  to  discretize  accurately  complex  geometries,  a  second  very  attractive 
feature  of  unstructured  grids  is  the  ease  with  which  adaptive  refinement  can  be  incorporated 
into  them.  The  addition  of  further  degrees  of  freedom  does  not  destroy  any  previous  structure. 
Thus,  the  flow  solver  requires  no  further  modification  when  operating  on  an  adapted  grid.  For 
many  practical  problems,  the  regions  that  need  to  be  refined  are  extremely  small  as  compared 
to  the  overall  domain.  Therefore,  the  savings  in  storage  and  CPU-requirements  typically  range 
between  10-100  as  compared  to  an  overall  fine  mesh  [22,23).  Our  experience  indicates  that 
for  the  majority  of  the  daily  production-type  runs,  adaptive  refinement  makes  the  difference 
between  being  or  not  being  able  to  run  the  problems  to  an  acceptable  accuracy  in  a  reasonable 


time  [23].  Without  it,  we  would  be  forced  to  use  much  coarser  grids,  with  lower  accuracy,  for 
the  same  expense. 

Any  adaptive  refinement  scheme  is  composed  of  three  main  ingredients.  These  are 

1)  an  optimal-mesh  criterion, 

2)  an  error  indicator,  and 

3)  a  method  to  refine  and  coarsen  the  mesh. 

They  give  answers  to  the  questions 

1)  how  should  the  optimal  mesh  be  ?, 

2)  where  is  refinement/  coarsening  required  ?,  and 

3)  how  should  the  refinement/  coarsening  be  accomplished  ? 

Many  variants  of  each  of  these  subtopics  have  been  explored  and  shown  to  be  useful  for  a 
certain  class  of  problems  [18,19].  Here,  we  seek  a  method  that  is  efficient  and  reliable  for 
transient  compressible  flow  problems.  This  leads  us  to  the  following  design  criteria  for  the 
error  indicator: 

a)  The  error  indicator  should  be  fast. 

b)  The  error  indicator  should  be  dimensionless,  so  that  several  ‘key  variables’  can  be  moni¬ 
tored  at  the  same  time. 

c)  The  error  indicator  should  be  bounded,  so  that  no  further  user  intervention  becomes 
necessary  as  the  solution  evolves. 

d)  The  error  indicator  should  not  only  mark  the  regions  with  strong  shocks  to  be  refined, 
but  also  weak  shocks,  contact  discontinuities  and  other  ‘weak  features’  in  the  flow. 

For  the  refinement  method,  the  design  criteria  are  as  follows: 

e)  The  method  should  be  conservative,  i.e.  a  mesh  change  should  not  result  in  the  production 
or  loss  of  mass,  momentum  or  energy. 

f)  The  method  should  not  produce  elements  that  are  too  small,  as  this  would  reduce  too 
severely  the  allowable  timestep  of  the  explicit  flow  solvers  employed. 

g)  The  method  should  be  fast.  In  particular,  it  should  lend  itself  to  some  degree  of  paral¬ 
lelism. 

h)  The  method  should  not  involve  a  major  storage  overhead. 

4.1  The  Error  Indicator 

An  error  indicator  that  meets  the  design  criteria  a)-d)  was  proposed  in  [22].  In  general  terms, 
it  is  of  the  form 
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By  dividing  the  second  derivatives  by  the  absolute  value  of  the  first  derivatives  the  error  indi¬ 
cator  becomes  bounded,  dimensionless,  and  the  ‘eating  up’  effect  of  strong  shocks  is  avoided. 
The  terms  following  c  are  added  as  a  ‘noise’  filter  in  order  not  to  refine  ‘wiggles’  or  Tipples’ 
which  may  appear  due  to  loss  of  monotonicity.  The  value  for  £  thus  depends  on  the  algorithm 
chosen  to  solve  the  PDEs  describing  the  physical  process  at  hand.  The  multidimensional  form 


of  this  error  indicator  is  given  by 

E1  = 
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where  N1  denotes  the  shape-function  of  node  I.  After  having  determined  the  values  of  the 
error  indicators  in  the  elements,  all  elements  lying  above  a  preset  threshold  value  CTORE  are 
refined,  while  all  elements  lying  below  a  preset  threshold  value  CTODE  are  coarsened. 
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4.2  Adaptive  Refinement  Method 

Extensive  experience  in  2-D  indicates  that  the  only  two  refinement  methods  that  are  truly 
general  and  efficient  for  the  class  of  problems  considered  here  are  h-refinement  [20-24]  and 
remeshing  [25-27],  However,  for  strongly  unsteady  problems,  where  a  new  grid  is  required 
every  5-10  timesteps,  local  h-refinement  seems  to  be  preferable.  Several  reasons  can  be  given 
for  this  choice.  Firstly,  h-refinement  is  easy  to  implement  and  maintain.  Secondly,  h-refinement 
is  very  well  suited  to  vector-  and  parallel  processors.  This  is  of  particular  importance  in  the 
present  context,  where  a  mesh  change  is  performed  every  5-10  timesteps.  Thirdly,  conservation 
presents  no  problem  for  h-refinement. 

In  order  to  obtain  an  algorithm  that  is  as  simple  and  fast  as  possible,  we  limit  the  number  of 
refinement/  coarsening  levels  per  mesh  change  to  one.  Moreover,  we  only  allow  refinement  of  a 
tetrahedron  into  two  (along  a  side),  four  (along  a  face)  or  eight  new  tetrahedra.  We  call  these 
tetrahedra  1:2,  T.4  and  1:8  tetrahedra  or  refinement  cases  respectively.  At  the  same  time,  a  1:2 
or  1:4  tetrahedron  can  only  be  refined  further  to  a  1:4  tetrahedron,  or  by  first  going  back  to  a 
1:8  tetrahedron  with  subsequent  further  refinement  of  the  8  sub-elements.  We  call  these  the 
2:4,  2:8+  and  4:8+  refinement  cases.  The  refinement  cases  are  summarized  in  Figure  1.  This 
restrictive  set  of  refinement  rules  avoids  ill-deformed  elements,  and  considerably  simplifies  the 
grid  logic.  An  interesting  phenomenon  that  does  not  appear  in  2-D  is  the  apparently  free 
choice  of  the  inner  diagonal  for  the  1:8  refinement  case.  As  shown  in  Figure  2,  we  can  place 
the  inner  four  elements  around  the  inner  diagonals  5-10,  6-8,  or  7-9.  In  the  present  case,  the 
shortest  inner  diagonal  was  chosen.  This  choice  produces  the  smallest  amount  of  distorted 
tetrahedra  in  the  refined  grid.  When  coarsening,  we  again  only  allow  a  limited  number  of 
cases  that  are  compatible  with  the  refinement.  Thus,  the  coarsening  cases  become  8:4,  8:2, 
8:1,  4:2,  4:1,  2:1.  These  coarsening  cases  are  summarized  in  Figure  3. 

4.3  Algorithmic  Implementation 

One  complete  grid  change  requires  algorithmically  the  following  five  steps: 

1)  Construction  of  the  missing  grid  information  needed  for  a  mesh  change. 

2)  Identification  of  the  elements  to  be  refined. 

3)  Identification  of  the  elements  to  be  deleted. 

4)  Refinement  of  the  grid  where  needed. 

5)  Coarsening  of  the  grid  where  needed. 

4.3.1  Construction  of  Missing  Grid  Information 

The  missing  information  consists  of  the  sides  of  the  mesh  and  the  sides  adjoining  each  element. 
The  sides  are  dynamically  stored  in  two  arrays,  one  containing  the  two  points  each  side  connects 
and  the  other  one  (a  pointer-array)  containing  the  lowest  side-number  reaching  out  of  a  point. 
The  formation  of  these  two  arrays  is  accomplished  in  three  main  loops  over  the  elements,  which 
are  partially  vectorizable.  After  having  formed  these  two  side-arrays,  a  further  loop  over  the 
elements  is  performed,  identifying  which  sides  belong  to  each  element. 

4.3.2  Identification  of  Elements  to  be  Refined 

The  aim  of  this  sub-step  is  to  determine  on  which  sides  further  gridpoints  need  to  be  introduces 
To  this  end,  we  first  determine  -  using  the  modified  error  indicator  given  by  eqn.(l)  and 
the  prescribed  refinement  tolerance  CTORE  -  those  elements  that  require  further  refinement. 
Thereafter,  if  desired,  protective  layers  of  elements  are  to  be  added  ahead  of  the  feature  to  be 
refined.  After  having  identified  the  elements  to  be  refined,  we  delete  from  the  list  of  elements 
to  be  refined  those  elements  which  are  already  too  small  (if  a  minimum  allowed  element  size 
has  been  given),  or  have  already  been  refined  too  many  times  (if  a  maximum  allowed  number 
of  refinement  levels  has  been  prescribed). 
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With  the  side/element  information  obtained  in  sub-step  4.3.1,  we  can  now  determine  a  first  set 
of  sides  on  which  new  gridpoints  need  to  be  introduced.  This  set  of  sides  is  still  preliminary, 
as  we  only  allow  certain  types  of  refinement.  Therefore,  special  logic  is  incorporated  for  the 
1:2  and  1:4  tetrahedra  in  order  to  obtain  the  allowable  refinement  cases  shown  in  Figure  1. 
We  then  perform  as  many  loops  as  required  (usually  two  or  three)  over  the  elements,  adding 
further  sides  whenever  an  unallowed  refinement  case  appears.  This  then  yields  the  final  set  of 
sides  on  which  new  gridpoints  are  introduced. 

4.3.3  Identification  of  Elements  to  be  Deleted 

As  before,  we  start  by  determining  -  using  the  modified  error  indicator  given  by  eqn.(l)  and  the 
prescribed  deletion  tolerance  CTODE  -  those  elements  that  should  be  coarsened.  Thereafter, 
only  the  parent  elements  to  be  coarsened  are  considered  further.  This  set  of  elements  is 
still  preliminary,  as  we  only  allow  certain  types  of  coarsening.  Therefore,  special  logic  is 
incorporated  in  order  to  obtain  the  allowable  coarsening  cases  shown  in  Figure  3.  While  the 
refinement  logic  yielded  a  set  of  sides  where  new  gridpoints  are  to  be  introduced,  the  coarsening 
logic  yields  a  set  of  points  to  be  deleted.  We  call  this  set  of  points  the  ‘total  deletion  points’. 

4.3.4  Refinement  of  the  Grid  Where  Needed 

The  introduction  of  further  points  and  elements  is  performed  in  two  independent  steps,  which 
in  principle  could  be  performed  in  parallel. 

To  add  further  points,  the  sides  marked  for  refinement  in  sub-step  4.3.2  are  grouped  together. 
For  each  of  these  sides  a  new  grid-point  will  be  introduced.  The  interpolation  of  the  coordinates 
and  unknowns  is  then  performed  using  the  side/point  information  obtained  in  sub-step  4.3.1. 
These  new  coordinates  and  unknowns  are  added  to  their  respective  arrays.  In  the  same  way 
new  boundary  conditions  are  introduced  where  required. 

In  order  to  add  further  elements,  the  sides  marked  for  refinement  are  labelled  with  their 
new  gridpoint-number.  Thereafter,  the  element/side  information  obtained  in  sub-step  4.3.1 
above  is  employed  to  add  the  new  elements.  The  elements  to  be  refined  are  grouped  together 
according  to  the  refinement  cases  shown  in  Figure  1.  Each  case  is  treated  in  block  fashion 
in  a  separate  subroutine.  Perhaps  the  major  coding  breakthrough  was  the  reduction  of  the 
many  possible  refinement  cases  to  only  six.  In  order  to  accomplish  this,  some  information  for 
the  2:8+  and  the  4:8+  cases  is  stored  ahead  in  scratch  arrays.  After  these  elements  have  been 
refined  according  to  the  2:8  and  4:8  cases,  their  sons  are  screened  for  further  refinement  using 
this  information.  All  sons  that  require  further  refinement  are  then  grouped  together  as  1:2  or 
1:4  cases,  and  processed  in  turn. 

4.3.5  Coarsening  of  the  Grid  Where  Needed 

The  deletion  of  points  and  elements  is  again  performed  in  two  independent  steps,  which  in 
principle  could  be  performed  in  parallel. 

The  points  to  be  deleted  having  been  marked  in  sub-step  4.3.3  above,  all  that  remains  to  be 
done  is  to  fill  up  the  voids  in  the  coordinate-,  unknown-  and  boundary  condition-arrays  by 
renumbering  points  and  boundary  conditions. 

The  deletion  of  elements  is  again  performed  blockwise,  by  grouping  together  all  elements  corre¬ 
sponding  to  the  coarsening  cases  shown  in  Figure  3.  Thereafter,  the  elements  are  also  renum¬ 
bered  (in  order  to  fill  up  the  gaps  left  by  the  deleted  elements),  and  the  point-renumbering  is 
taken  into  consideration  within  the  connectivity-arrays. 


5.  NUMERICAL  EXAMPLES 


5.1  Spherical  Blast- Wave:  The  problem  statement,  as  well  as  the  solutions  obtained  are  shown 
in  Figure  4.  An  octant  of  a  cube  in  the  lower  left  hand  corner  was  given  a  density  of  10.0  and 
a  pressure  of  40.0,  while  the  rest  of  the  computational  region  was  filled  with  density  1.0  and 
pressure  1.0.  Because  all  grid  points  inside  radius  5.1  were  disturbed  and  all  gridpoints  outside 
were  not,  the  surface  of  the  cylinder  on  the  finite  element  grid  is  not  completely  circular.  The 
number  of  refinement  levels  allowed  in  this  case  was  NREMX=2  which  would  correspond  to  a 
regular  grid  of  6*32*32*32=196,608  elements.  This  case  was  run  to  test  the  symmetry  or 
‘circularity’  of  the  numerical  solution.  Figure  4a  shows  the  initial  grid,  and  the  solution  at 
time  T=0.0.  Figure  4b  shows  the  solution  at  time  T=4.4.  At  this  time,  the  mesh  has  increased 
to  NP0IN=*2,894  points  and  NELEM=14,112  elements.  The  2-D  equivalent  of  this  case  shows 
no  implosion  effect,  whereas  in  the  present  case  at  later  times  we  observe  a  negative  radial 
velocity  (pointing  towards  the  origin).  Figure  4c  shows  the  solution  at  time  T=7.3.  The  mesh 
now  consists  of  NP0IN=5,068  points  and  NELEM=26,006  elements. 

5.2  Shock-Locomotive  Interaction:  The  problem  statement,  as  well  as  the  solution  at  time 
T=5.0  are  shown  in  Figures  5(a-d).  A  weak  shock  ( M ,  =  1.4)  interacts  with  a  diesel-electric 
locomotive  head-on.  The  grid  consisted  of NELEM*261 ,865  elements  and  NPOIN»47,730  points. 
Figures  5a, b  show  two  views  of  the  surface  mesh  from  different  angles.  As  this  is  a  shock- 
object  interaction  case  run  without  adaptive  refinement,  a  fairly  uniform  grid  was  employed. 
Figures  5c, d  show  two  views  of  the  surface  pressure  at  time  T  =  1.4.  The  main  shock  has 
reflected  from  the  lower  front  portion  of  the  locomotive,  and  is  about  to  reflect  from  the  top 
front  portion.  The  total  run-time  required  on  the  CRAY-2  for  this  run  was  approximately  2 
hours.  The  overall  turnaround  time  was  of  the  order  of  two  days:  about  3  hours  to  sketch, 
input  and  edit  the  surface  definition,  1  hour  for  background  grid  input  and  distance  parameter 
distribution  trials,  five  minutes  to  generate  the  mesh  on  the  CRAY-2,  2  hours  to  run  the 
calculation.  The  rest  of  the  time  was  spent  waiting  in  queues,  transmitting  files  back  and 
forth  between  the  workstations  and  the  CRAY-2,  and  plotting. 

5.3  Compression  Corner:  The  problem  statement,  as  well  as  the  solutions  obtained  are  shown 
in  Figure  6.  Supersonic  flow  at  A/ <*>  =  3.0  interacts  with  two  wedges  that  are  positioned  per¬ 
pendicular  to  each  other.  Each  wedge  by  itself  would  produce  an  attached  shock  at  the  leading 
edge.  The  two  shocks  produced  by  the  wedges  interact  with  each  other,  producing  a  significant 
overpressure.  The  number  of  refinement  levels  allowed  in  this  case  was  NREMX*2  which  would 
correspond  to  a  regular  grid  of  64*11,197=716,608  elements.  Figure  6a  shows  the  initial  grid, 
and  the  corresponding  steady-state  solution.  Observe  that  the  interaction  region  of  the  shocks 
is  decribed  poorly  due  to  the  lack  of  grid  resolution.  This  first  mesh  was  then  refined  once, 
resulting  in  a  grid  of  NELEM*37,823  elements  and  NP0IN“7,312  points.  After  converging  the 
solution  on  this  mesh  to  steady-state,  a  second  refinement  was  invoked.  Figure  6b  shows  this 
grid  after  the  second  refinement,  and  the  corresponding  steady-state  solution.  This  final  mesh 
contains  NELEM»191 ,030  elements  and  NP0IN»35,007  points.  Observe  how  the  interaction 
region  of  the  shocks  becomes  more  and  more  defined  as  the  grid  is  refined  further. 

6.  CONCLUSIONS 

Fast,  general,  user-friendly  grid  generation  and  adaptive  refinement  represent  major  in¬ 
gredients  in  any  design  and  analysis  capability.  While  we  have  witnessed  major  developments 
in  both  areas,  one  can  identify  the  following  shortcomings  at  the  present  time: 

For  the  grid  generators: 

-  A  more  direct  link  to  the  CAD  data  bases  to  reduce  data  conversion  times. 

-  Improved  interactive  tools  to  reduce  input  times. 

-  Better  ways  to  input  background  grids  or  other  element-size  defining  information. 


-  More  control  over  the  resulting  tetrahedral  elements,  in  particular  shape. 

-  Better  smoothing  schemes  for  tetrahedral  meshes. 

-  Improved  display  capabilities  for  unstructured  grids. 

For  adaptive  refinement  methods: 

-  Error  indicators  for  viscous  flows. 

-  Refinement  methods  for  transient,  viscous  flows  with  separation. 

-  Combinations  of  h-refinement  and  remeshing  for  strongly  unsteady  flows  with  moving 
bodies. 
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SUMMARY 

A  method  for  generating  tetrahedral  meshes  will  be  described.  The  algorithm  is  based  on 
the  Delaunay  triangulation  and  can  treat  objects  of  essentially  arbitrary  complexity.  In  order 
to  preserve  the  surface  triangulation  of  solid  objects,  it  is  necessary  to  override  the  Delaunay 
property  and  redefine  the  triangulation  when  points  are  introduced  close  to  solid  boundaries 
Details  of  the  generalized  algorithm  are  presented  and  an  efficient  implementation  of  the 
triangulation  method  is  described. 

1.  INTRODUCTION 

Tetrahedral  meshes  offer  an  attractive  approach  to  the  problem  of  discretizing  the  space 
around  complex  three  dimensional  shapes.  In  principle,  it  is  always  possible  to  connect  a 
collection  of  mesh  points  to  provide  a  surface  conforming  mesh  of  tetrahedra  around  an  object  of 
essentially  arbitrary  complexity.  However,  the  problem  of  finding  an  efficient  and  reliable 
algorithm  to  achieve  this  task  is  far  from  trivial. 

There  are  at  least  three  methods  that  have  been  used  to  generate  tetrahedral  meshes. 
Shephard  et  al.  [1]  have  developed  a  mesh  generator  which  first  derives  an  octree  representation 
of  the  object  and  surrounding  space  and  then  cuts  each  of  the  octree  cubes  into  tetrahedra.  The 
main  difficulty  in  this  approach  is  the  problem  of  finding  a  consistent  and  unambiguous  way  of 
treating  the  surface  of  the  solid  object.  The  moving  front  technique  has  been  successfully 
developed  three  dimensions  by  Peraire  er  al.  [2]  and  Lohner  [3].  The  main  difficulty  here 
appears  to  :.e  the  need  to  track  the  front  as  it  develops  and  folds  over  on  itself.  The  third 
method  that  has  been  exploited  by  Cavendish  et  al.  [4]  and  Perronnet  [5]  in  structural  problems, 
Cendes  et  al.  [6j  in  electromagnetic  problems,  Weatherill  (7),  Baker  [8,9],  Holmes  et  al .  [10] 
and  George  et  al.  [11]  for  aerodynninic  problems,  is  the  use  of  the  Delaunay  triangulation.  The 
difficulty  with  this  method  lies  in  the  requirement  to  establish  the  correct  triangulation  on 
any  boundary  surface  and  then  preserve  the  surface  triangulation  while  introducing  the  remaining 
flow  field  points.  This  can  only  be  achieved  by  overriding  the  Delaunay  algorithm  to  prevent 
connections  which  would  break  through  the  surface  triangulation.  George  et  al.  [11]  allow  the 
Delaunay  triangulation  of  the  flow  field  points  to  proceed  unchecked  and  then  reconfigure  the 
tetrahedra  near  the  surface  in  order  to  reconstitute  the  surface  triangulation.  The  approach 
described  here  uses  a  generalized  version  of  the  Delaunay  algorithm  which  restricts  the 
connections  made  near  the  body  surface  to  ensure  that  the  surface  t ri angulation  remains  intact 
at  all  times. 

The  next  section  defines  the  Delaunav  r r iangul at i on  and  outlines  Bowyer's  algorithm  [12]. 
This  is  followed  bv  a  discussion  of  the  generalized  algorithm  for  overriding  the  Delaunay 
triarigulat Lon  near  fixed  boundaries.  Section  4  presents  an  efficient  implementation  of  the 
algorithm  based  on  the  use  of  an  octree  data  structure  for  storing  the  points  that  are  to  be 
triangulated.  The  next  section  discusses  tetrahedron  quality  and  the  construction  of  a  mesh 
containing  mostly  welL  shaped  tetrahedra.  The  final  section  describes  the  application  of  this 
triangulation  procedure  to  generate  tetrahedral  meshes  around  complete  aircraft. 

2.  DELAUNAY  TRIANGULATION  AND  BOWYER'S  ALGORITHM 

Definition  1 


Given  a  set  Vn  of  n  points  in  k-space,  the  Delaunay  t r 1 angula t  ion  is  the  unique 
triangulation  of  Vn  such  that  no  point  ?[  c  Vn  lies  inside  the  circumsphere  of  any  k-simplex. 

A  particularly  straightforward  method  for  generating  the  Delaunay  triangulation  is  Bowyer's 
algorithm  [12]  which  can  readily  be  applied  to  any  number  of  dimensions.  It  is  an  incremental 
algorithm  which  directly  exploits  the  above  characterization  of  the  Delaunay  triangulation  as 
fol lows : 

Let  Tn  be  the  Delaunay  tri angula t ion  of  the  set  of  n  points  Vn  -  |Pj  J i-1 . n).  For  any 

simplex  S  t  Tn ,  let  Rs  be  the  circumradius  and  Qs  be  the  c  i  rcumcenter .  Now  introduce  a  new 
point  Pn+i  inside  the  convex  hull  of  Vn  and  define 

B-IS|S(  Tn ,  d( Pn, j ,  Qs)  <  Rs) 

where  d(P,Q)  is  the  Euclidean  distance  between  points  P  and  Q.  Now  B  is  non-empty  since  Pn+i  is 
inside  the  convex  hull  of  Vn  and  hence  inside  some  simplex  S'c  Tn ,  from  which  it  follows  that  S' 
c  B.  The  region  C  formed  when  B  is  removed  from  T  is  simply  connected,  contains  Pn+p  (since 
Pn«-1  is  inside  S'c  B)  and  Pn*i  is  visible  from  all  points  on  the  boundary  of  C.  It  is  therefore 
possible  to  generate  a  triangulation  of  the  set  of  points  Vn+j-  Vn  u  iPlHj)  by  connecting  Pn+1 
to  all  points  on  the  boundary  of  G.  Furthermore  this  t r i angula t ion  is  precisely  the  Delaunay 
triangulation  Tn+j.  A  proof  that  Bowyer's  algorithm  is  a  valid  procedure  for  generating  the 
fjolaunay  r  r  i  angul  at:  I  on  is  presented  in  references  [9,1/]. 


Let  S  be  a  simplex  with  ci rcumcenter  Qs  and  c i rcumradius  Rs .  A  comparison  of  the  distarce 
d(P,Qs)  between  a  given  point  P  and  Qs  will  be  referred  to  as  the  Delaunay  test  of  P  for 
simplex  S.  If  d(P,Qs)  <  Rs  then  we  say  that  P  has  failed  the  Delaunay  test  for  simplex  S  and 
that  simplex  S  has  been  broken  by  the  point  P. 

Definition  3 

Let  T  be  the  Delaunay  triangulation  of  a  point  set  V  and  consider  a  point  P  z'  V .  Let 
B=  { S | St T .  d(P,Qs)  <  Rsl.  Thus  B  is  the  set  of  simplexes  for  which  P  fails  the  Delaunay  test. 
Then  the  region  C  created  Ly  removing  B  from  T  is  called  a  cavity. 

De f Ini t i on  A 

Two  points  A  and  B  of  a  graph  are  visible  from  one  another  if  it  is  possible  to  join  A  to  B 
without  intersecting  an  edge. 

To  implement  Bowyer's  algorithm  in  three  dimensions  we  start  with  a  super  tetrahedron,  or 
super  cube  partitioned  into  five  tetrahedra,  which  contains  all  the  other  points.  The  remaining 
points,  which  comprise  the  mesh  to  be  triangulated,  are  now  introduced  one  at  a  time  and 
Bovver's  algorithm  is  applied  to  create  the  Delaunay  triangulation  after  each  point  insertion. 

It.  is  necessary  to  maintain  two  lists,  of  length  four,  for  *;ach  tetrahedron  in  the 

existing  structure.  One  list  holds  the  forming  points  of  the  tetrahedron,  the  other  holds  the 
addresses  of  the  four  neighboring  tetrahedra  which  have  a  common  face.  The  second  l^«n,  which 
provides  information  about  the  coi.t  ig’.ities  between  the  tetrahedra,  is  not  strictly  necessary 
for  the  implementation  of  the  algorithm.  However,  it  allows  one  to  find  all  broken  tetrahedra 
in  a  cavity  bv  means  of  a  tree  search,  once  one  broken  tetrahedron  has  been  found.  Without  this 
contiguity  information,  the  algorithm  would  be  hopelessly  inefficient.  It  is  also  convenient  to 
store  the  radius  of  the  c 1  rc.umsphere  and  the  coordinates  of  the  ci  rcumcenter  for  each 
*.  e  t  rahed ton . 

The  remaining  step  in  Bowyer's  algorithm  is  the  requirement  to  update  the  data  structure. 
Tetrahedra  belonging  to  the  set  B  are  deleted  from  the  lists  and  new  tetrahedra,  obtained  by 
oornec “ : ng  the  new  point  to  all  triangular  faces  of  the  cavity  boundary,  are  added.  Finally  it 
is  ecessarv  to  determine  the  contiguities  that  exist  among  the  new  tetrahedra  and  also  between 
the  new  tetrahedra  and  the  old  tetrahedra  which  have  faces  on  the  cavity  boundary. 

The  onlv  floating  point  operations  required  in  this  algorithm  occur  in  the  Delaunay  test 
tor  each  tetrahedron  that  is  examined  when  searching  for  those  tetrahedra  which  make  up  the 
cavity.  Owing  to  the  finite  precision  arithmetic  that  is  used,  the  Delaunay  test  will  make  an 
ar.t> ;  guovis  derision  if  the  now  point  falls  on  the  circumsphere  of  a  tetrahedron.  It  is  therefore 
t-s'i.irv  to  use  high  precision  arithmetic.  Moreover  it  is  particularly  important,  when  forming 
r  B  of  broken  tetrahedra.  to  exclude  from  B  any  tetrahedron  whose  circumsphere  does  not 
'.’rl  flv  contain  the  new  point.  We  therefore  introduce  a  tolerance  /.X)  and  include  in  B  only 
■'.■a-  tetrahedra  S  for  which  d(P,Os)  <  Rs  —  f.  where  c  is  chosen  sufficiently  large  to  ensure 
•»;  r  i  •  r.  i  tic  l  us  i  •  . 
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ordt-r  to  g'-u.-rat  o  an  unstructured  mesh  around  a  solid  object,  it.  proves  convenient,  to 
allow  the  t r i angulnt ion  of  the  space  inside  as  well  as  outside  boundary  surfaces.  The 
t ri angular  inn  therefore  starts  by  introducing  the  farfield  points  and  the  object  points.  The 
tetrahedra  which  make  up  the  interior  triangulation  of  the  object  are  identified  and  flagged. 
The  remaining  points,  which  correspond  to  the  flowjfield  points,  are  then  introduced. 

When  a  flowfield  point  is  introduced  very  close  to  the  object  surface  it  may  fall  inside 
the  c i rcumspheres  of  one  or  possibly  several  interior  tetrahedra.  The  procedure  that  was 
adopted  in  reference  (9]  would  reject  any  such  points  in  order  to  prevent  reconnections  which 
would  penetrate  the  object,  surface  This  approach  has  now  been  replaced  by  a  generalized 
Delaunav  algorithm  which  allows  a  partial  ret.r i angulat ion  of  the  cavity,  leaving  intact  any 

tetrahedra  which  form  the  solid  object  and  art  therefore  regarded  as  fixed  tetrahedra.  Thus,  if 
tie  cavity  created  bv  the  introduction  of  a  new  point  contains  one  or  more  of  the  fixed 
tetrahedra,  reconnections  are  restricted  to  the  part  of  the  cavity  that  does  not  contain  any  of 
the  fixed  interior  tetrahedra. 

For  planar  tr  iangulat.ions .  this  procedure  always  leads  to  a  valid  triangulation  [17],  This 
follows  from  the  observation  that  the  removal  of  one  or  more  triangles  from  a  planar  cavity 
partitions  the  cavity  into  disjoint  regions.  It  can  then  be  shown  that  P  is  visible  from  all 
vertices  on  » he  boundary  of  restricted  cavity  in  which  P  lies.  In  three  dimensions  the  removal 
of  a  tetrahedron,  from  the  tetrahedral  complex  which  forms  the  Delaunay  cavity,  does  not 

necessarily  divide  the  cavity  into  disjoint  regions.  There  is  therefore  no  guarantee  that  point 
P  is  visible  from  the  boundary  of  the  restricted  cavity,  and  it  follows  that  in  three  space  the 
reconnection  of  P  to  the  boundary  of  a  restricted  cavity  will  not  necessarily  produce  a  valid 
t i i angulation . 

However,  we  may  reasonably  expect  that  in  many  cases  all  vertices  of  the  restricted  cavity 
in  three  space,  will  he  visible  from  the  new  point  P  If  we  can  detect  the  cases  when  P  is  not 
visible  from  every  vertex,  we  can  reject  those  points  and  generate  a  triangulation  of  three 
space  with  the  remaining  points.  Let  n  be  the  set  of  tetrahedra  which  make  up  the 

restricted  cavity.  Now  let  (Sjlj.j  ra  be  the  tetrahedra  that  are  obtained  in  the  retriangulat ion 

by  joining  the  new  point  P  to  each  of  the  triangular  faces  on  the  boundary  of  the  cavity.  The 

cavity  volume  Is  given  by 


20-3 


n 

2  vol(S i) 
i-1 

where  vol(S£>  is  the  volume  of  tetrahedron  S^.  If  P  is  visible  from  all  vertices  of  the  cavity 
~o  that  a  proper  retriangulation  is  formed,  then  the  volume  is  also  given  by 

m  a 

1  vol(S.) 

j-t 

If  P  is  not  visible  from  all  vertices  of  the  cavity  then  one  or  more  of  the 

Sj  will  intersect  non-cavity  tetrahedra.  In  this  case 

n  ra 

l  volfSj)  <  l  volfS,) 
i-1  j-1 

It  is  important  to  note  that  the  volume  of  each  tetrahedron  is  found  as  a  by-product  in  the 
computation  of  the  circumcenter  coordinates.  The  application  of  this  particular  test  is 
therefore  computationally  inexpensive. 

If  point  P  is  found  to  be  not  visible  from  all  vertices  of  the  cavity  then  the  cavity  size 

is  further  reduced  by  excluding  more  tetrahedra  and  re -testing  to  determine  whether  P  is  now 

visible  from  the  vertices  of  the  reduced  cavity.  This  procedure  is  facilitated  by  the  ordering 
of  the  cavity  tetrahedra.  We  first  find  the  tetrahedron  that  contains  the  point  P.  From  this 
tetrahedron  we  search  outward  looking  at  its  neighbors  and  retaining  those  tetrahedra  which 
belong  to  the  cavity.  This  forms  the  second  layer;  the  third  layer  consists  of  the  neighbors  of 
the  second  layer  which  belong  to  the  cavity  and  have  not  already  appeared  in  the  list.  This 
process  continues  until  the  tree  search  terminates  and  we  have  found  all  cavity  tetrahedra. 

If  P  is  not  visible  from  all  cavity  vertices  we  remove  the  outermost  layer  and  re-test  for 
visibility.  If  we  continue  removing  layers  we  must  eventually  reach  a  stage  where  P  is  visible 
from  all  vertices  of  the  reduced  cavity,  since  the  first  layer  consists  of  the  tetrahedron 
containing  P  and  the  vertices  of  this  tetrahedron  are  certainly  visible  from  P. 

4.  ALGORITHM  EFFICIENCY 

When  a  new  point  is  inserted,  a  search  is  made  through  the  list  of  tetrahedra  to  find  the 
first  tetrahedron  that  fails  the  Delaunay  test.  The  remaining  tetrahedra  which  make  up  the 
cavity  can  be  found  by  a  tree  search.  After  these  tetrahedra  have  been  removed,  the  points  on 
the  boundary  of  the  cavity  are  connected  to  the  new  point  P  and  the  new  tetrahedra  thus  formed 
are  added  to  the  data  sauvturc. 

The  rime  required  to  triangulate  N  points  will  he  given  by 

T  -  l  (Tk  +  T*> 

k 

Here.  T^  is  the  time  taken  to  search  for  the  first  tetrahedron  broken  by  the  introduction 
of  the  kth  point  into  the  triangulation  of  k-1  points.  Tj^  is  the  time  taken  to 

find  all  remaining  tetrahedra  in  the  cavity  and  construct  the  new  t r i angulat ion .  The  time 

will  be  proportional  to  the  number  of  tetrahedra  in  the  cavity.  If  the  points  are  inserted 

in  a  widelv  distributed  manner  corresponding  to  a  coarse  sprinkling  followed  by  a  finer 
distribution  [9],  the  cavity  size  and  hence  time  T^  should  be  roughly  independent  of  k.  The 
majority  of  points  are  flowfield  points  which  are  introduced  first  as  a  coarse  lattice  for  the 
farfield  followed  bv  a  finer  lattice  of  midfield  points  and  so  on.  The  time  T^  can  therefore  be 

regarded  as  0(1). 

The  time  complexity  of  the  algorithm  is  therefore  dominated  by  the  search  time  T^.  In 
general,  the  list  of  tetrahedra  will  be  randomly  ordered  and,  in  the  worst  case,  T^  will  be  0(k) 
leading  to  an  overall  time  complexity  for  the  triangulation  that  is  O(N^).  In  reference  (9)  it 
is  shown  that  this  can  be  improved  to  0(N^/^)  by  starting  the  search  with  the  most  recently 
created  tetrahedra.  However,  this  requires  the  points  to  be  inserted  in  a  series  of  forward  and 
backward  sweeps  which  presumes  a  well  defined  ordering. 

Ir  is  therefore  necessary  to  introduce  a  data  structure  whicn  allows  an  efficient  search 
for  the  first  tetrahedron  which  fails  the  Delaunay  test  irrespective  of  the  point  ordering.  To 
achieve  this,  an  octree  structure  has  been  exploited  to  store  the  points  that  have  previously 
been  inserted.  Octree  (in  two  dimensions  quadtree)  data  structures  have  been  used  in  a  variety 
of  contexts  [1,13,14]  More  recently,  Lohner  [3,15]  has  adopted  this  data  structure  to  produce 
efficient  search  procedures  for  his  unstructured  mesh  generator  based  on  the  moving  front 
t  echni que . 

A  quadtree  structure  for  a  planar  point  set  is  illustrated  in  Figure  1.  The  terminal  quads 
art*  those  which  contain  no  more  than  four  points.  When  a  fifth  point  falls  inside  a  quad,  this 
quad  is  divided  into  four  daughter  quads  and  each  of  the  five  points  is  re-assigned  to  one  of 
the  daughters.  Each  quad  is  associated  with  a  list  whose  first  four  entries  hold  the  addresses 
of  the  points  it  contains  in  the  case  of  a  terminal  quad,  and  the  addresses  of  the  daughter 
quads  for  a  quad  which  is  not  terminal.  In  Figure  1,  quads  1  and  5  are  parent  quads  and 

therefore  hold  the  addresses  of  their  daughters.  The  remaining  quads  are  terminal  and  therefore 

have  the  addresses  of  their  points,  indicated  by  the  letters  A  through  K.  In  this  way,  a  tree 

structure  is  built  up  which  makes  it  possible  to  determine  quickly  the  location  of  any  point  in 

the  data  structure.  The  list  associated  with  each  quad  has  three  further  entries  which  hold 
such  information  as  the  address  *.  f  the  present  quad's  parent,  its  position  in  the  parent  quad 
and  the  number  of  points  it  contains.  In  three  dimensions,  the  quad  is  replaced  by  a  cube  which 
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Fig.  1  Quadtree  Data  Structure 


is  split  into  eight  octants.  In  this  case,  the  list  associated  with  each  octree  has  length 
eleven  of  which  the  first  eight  entries  contain  the  addresses  either  of  its  daughters  or,  for  a 
terminal  octree,  the  addresses  of  the  points  it  contains. 

In  the  Delaunay  algorithm,  the  octree  data  structure  is  exploited  to  find  the  point  nearest 
to  a  newly  introduced  point.  With  each  previously  introduced  point  one  associates  a  tetrahedron 
which  has  this  point  as  a  vertex.  The  search  for  the  first  broken  tetrahedron  thus  starts  with 
the  tetrahedron  associated  with  the  point  nearest  to  the  new  point  and  proceeds  to  examine  all 
neighboring  tetrahedra  which  have  this  nearest  point  as  a  vertex.  The  octree  search  to  find  the 
nearest  point  is  accomplished  in  0(log  k)  time.  The  remaining  search  to  find  a  broken 

tetrahedron  takes  0(1)  time.  In  this  way,  it  is  possible  to  find  the  first  broken  tetrahedron 
in  a  time  T^  which  is  0(log  k)  .  It  follows  that  the  overall  time  complexity  of  the  algorithm 
0(N  log  N) . 

5.  QUALITY  OF  TETRAHEDRAL  ELEMENTS 

It  is  well  known,  from  finite  element  theory,  that  badly  shaped  elements  can  lead  to 
inaccurate  and  unstable  approxima tions  [18).  It  is  therefore  Important  to  observe  geometric 
constraints  on  the  shape  of  element  that  is  allowed.  For  example,  a  planar  triangulation  is 
usually  required  to  satisfy  the  minimum  angle  condition,  although  this  has  been  shown  to  be  too 
restrictive  and  can  be  replaced  by  a  condition  which  limits  the  maximum  allowable  angle  [19], 
The  minimum  angle  condition,  however,  can  be  reformulated  as  a  requirement  that  the  in-circle 
should  not  be  too  small,  and  this  condition  can  be  readily  extended  to  higher  dimensions. 

In  two  dimensions  we  associate  with  each  triangular  element  the  linear  shape  functions 
*i<x,y),  i  -  1,2,3  such  that  4> ^  takes  the  value  one  at  the  vertex  and  zero  at  the  other  two 
vertices.  A  function  u(x,y)  which  takes  the  value  uj  -  ufxj.yj)  at  the  nodes  i  -  1,2,3  can  be 
approximated  by  the  linear  interpolant 

3 

U  (x.y)  -  1  U  *  (x,y) 
i-1 

If  we  define  the  interpolation  error  c  *  u  —  u,  it  can  be  shown  [18]  that  for  u  sufficiently 
smooth  the  maximum  error  satisfies 

|  c  |  <,  Cq  H2  max 

M-2 


D  u 
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where  D  -  - 3-,  |m|  -  a  +  0,  and  H  is  the  maximum  edge  length.  A  corresponding  estimate  of 

axaa/  '  ' 

the  form 

|D£|  <  ClH  max  |Dn>u| 
jmj-2  1  1 

is  obtained  for  the  derivative  of  the  interpolant  provided  the  derivatives  of  the  shape 
functions  satisfy 

max  |  D<£^  J  ^  ,  i  -  1,2,3 

This  is  known  as  the  uniformity  condition  and  for  a  planar  triangulation  is  satisfied  provided 
that  all  angles  in  the  triangulation  exceed  some  lower  bound  as  H  *♦  0  [18]. 

Let  h^  be  the  length  of  the  edge  opposite  vertex  P^,  let  H  -  max  { h ^ ,  h2 ,  I13 }  and  r  be  the 
radius  of  the  inscribed  circle.  It  can  be  shown  [20]  that  the  uniformity  condition  implies  that 

"  -  0(1) 

Now  let  R  be  the  circumradius  of  the  triangular  element  and  let  h  -  min  {hj,  h2,  I13}.  We  define 
three  geometric  parameters  which  allow  us  to  characterize  well -shaped  and  badly- shaped 
triangles : - 


The  uniformity  condition  implies  that  a  triangle  is  badly  shaped  if  o»l .  There  are  two 
distinct  types  of  bad  triangle  for  which  o»l .  Either  u>  -  0(1)  and  r»l  which  corresponds  to  an 
acute  angled  triangle  (the  angle  opposite  side  h  is  very  small);  or  otherwise  u»l  which  occurs 
if  the  triangle  is  obtuse  and  the  angle  opposite  edge  H  is  close  to  180  degrees. 

We  now  postulate  that  the  points  are  distributed  so  that  the  distance  between  neighboring 
points  changes  slowly,  and  that  within  any  small  region  the  point  distribution  is  almost 
uniform.  Since  the  circumcircles  of  the  Delaunay  triangles  can  contain  no  other  points,  it 
follows  from  the  uniform  point  distribution  hypothesis  that  w  -  0(1)  thus  precluding  the 

formation  of  obtuse  triangles.  The  same  conditions  also  imply  that  all  triangles  will  have 
r  -  0(1).  Thus  the  combination  of  a  smooth  point  distribution  and  the  Delaunay  triangulation 
ensures  that  only  well -shaped  triangles  are  formed. 

In  three  dimensions,  it  can  be  shown  [20]  that  the  uniformity  condition  again  requires 
o  -  0(1).  If  we  now  consider  the  degenerate  tetrahedra  with  o»l ,  we  find  three  distinct 
types :  - 


Type  (i) 
Type  (ii) 
Type  (UP 


r  »  1 ,  w  -  0  ( 1 ) 
u>  »  1 
w  -  0(1) 


Type  (i)  corresponds  to  the  highly  acute  triangle  in  the  planar  case;  type  (ii)  occurs  if  one  or 
more  of  the  tetrahedral  faces  is  highly  obtuse.  Type  (iii)  is  known  as  a  sliver  [4]  and  is 
formed  by  four  almost  coplanar  points. 

The  requirement  that  the  points  be  smoothly  distributed  excludes  the  possibility  of  forming 
type  (i)  and  type  (ii)  tetrahedra.  However,  type  (iii)  tetrahedra  may  arise  and  must  be 
detected  and  eliminated.  This  can  be  achieved  in  a  straight fovward  manner  by  inserting  a  new 
poiut  inside  the  circumsphere  of  the  sliver  and  allowing  the  Delaunay  algorithm  to  create  a 
tri mgulation  containing  the  new  point. 

Since  the  sliver  Is  formed  from  four  nearly  coplanar  points,  we  can  determine  a  direction 
that  is  approximately  normal  to  the  plane  on  which  the  sliver  lies  by  taking  the  vector  product 
of  a  pair  of  opposite  edges  (ie.  edges  which  do  not  have  a  common  vertex).  There  are  three 
pairs  of  opposite  edges  and  it  is  possible  that  one  or  two  of  the  pairs  are  composed  of  two 
nearly  parallel  edges.  We  therefore  calculate  the  vector  product  for  the  three  pairs  and  take 
the  product  with  the  maximum  magnitude.  Suppose  this 


product  {s  3  x  b  where  3  and  b  are  opposite  edges.  The  vector  p  -  | j  is  a  unit 

to  a  and  b  and  hence  approximately  normal  to  the  plane  on  which  the  sliver  lies, 
circumcenter  for  the  sliver  and  define  a  new  point  by 


vector  normal 
Let  xc  be  the 


x  “  +  0  2 

where  j0|  <  1.  This  restriction  on  8  is  necessary  to  ensure  that  the  point  lies  inside  the 
sliver's  circumsphere  thus  producing  a  re tr iangulat ion  in  which  the  sliver  is  eliminated.  In 
most  cases  we  also  find  that  the  circumcenter  &c  will  lie  near  to  the  sliver  and  so  6  should  not 
be  too  close  to  zero. 

In  practice  relatively  few  slivers  occur  and  the  procedure  described  here  succeeds  in 
removing  these  bad  tetrahedra.  The  resulting  mesh  is  therefore  composed  of  good  quality 
tetrahedra  which  all  satisfy  the  uniformity  condition. 

The  distribution  of  points  should  reflect  the  need  to  resolve  rapid  flow  variations  near 
the  aircraft  surface  which  requires  a  high  density  of  points  in  that  region.  On  the  other  hand, 
the  requirement  that  the  points  be  smoothly  distributed  prohibits  any  rapid  change  in  point 
density . 

The  points  outside  the  body  are  organized  into  a  collection  of  several  sets,  arranged  in 
order  of  increasing  density  or  refinement.  The  first  set  is  composed  of  a  very  coarse  lattice 
extending  about  twenty  body  lengths  away  from  the  body  in  all  directions  The  next  two  sets  are 
made  up  of  points  forming  denser  lattices  throughout  the  same  region.  The  fourth  set  extends 
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about  ten  body  lengths  away  from  the  body  in  all  directions  with  the  spacing  between  adjacent 
points  one  half  that  of  the  underlying  lattice  from  the  third  set.  The  remaining  sets  follow 
this  trend  of  covering  a  region  closer  to  the  body  and  halving  the  spacing  between  points  until 
the  point  spacing  is  about  one  percent  of  the  body  length.  The  final  set  comprises  a  shell 
determined  by  placing  a  few  points  along  a  normal  to  each  surface  point. 

In  this  way,  it  is  possible  to  generate  well-shaped  tetrahedra  throughout  most  of  the 
flowfield.  Difficulties  occur  near  the  body  surface,  however,  since  the  surface  points  are  not 
smoothly  distributed.  This  is  particularly  apparent  in  areas  of  high  curvature  such  as  wing 
leading  edges.  The  points  must  be  closely  spaced  to  accommodate  the  high  curvature  at  a  wing 
leading  edge  but  need  not  be  closely  spaced  in  the  spanwise  direction.  In  this  case,  needle¬ 
like  type  (i)  tetrahedra  for  which  r»l  must  inevitably  be  formed  in  the  vicinity  of  the  body 
surface . 

The  generalized  Delaunay  algorithm  which  permits  points  to  be  triangulated  close  to  the 
body  surface  will  also  allow  type  (ii)  tetrahedra  to  be  formed.  It  is  therefore  necessary  to 
monitor  the  tetrahedra  which  are  generated  and  reject  any  point  whose  insertion  would  result  in 
a  tetrahedron  with  a  large  circumradius .  In  effect,  this  procedure  disallows  any  tetrahedron 
whose  minimum  altitude  is  much  less  than  its  maximum  edge  length. 

The  resulting  mesh  is  mainly  composed  of  well-shaped,  nearly  regular  tetrahedra.  Near  the 
body  surface,  however,  the  quality  of  the  tetrahedra  depends  on  the  distribution  of  surface 
points.  In  particular,  where  regions  of  high  curvature  dictate  a  surface  distribution  of 
unevenly  spaced  points,  we  can  expect  needle-like  tetrahedra  to  be  formed.  The  extent  to  which 
the  quality  of  the  flow  solution  is  adversely  affected  by  the  presence  of  thin  tetrahedra 
requires  further  investigation. 

6.  MESHES  FOR  COMPLETE  AIRCRAFT 

The  constrained  Delaunay  algorithm  provides  a  robust  method  for  generating  tetrahedral 
meshes  around  and  inside  complex  three  dimensional  objects.  A  mesh  generator  based  on  the 
principles  described  above  has  been  linked  to  an  Euler  flow  solver  [8,16]  in  order  to  calculate 
inviscid  transonic  flow  over  complete  aircraft. 

The  mesh  points  which  define  the  aircraft  surface,  together  with  the  set  of  automatically 
generated  internal  points,  are  triangulated  first.  At  this  stage,  it  is  necessary  to  determine 
which  tetrahedra  comprise  the  aircraft  structure.  One  now  has  the  option  of  stopping  the 
procedure  and  examining  the  surface  triangulation,  or  allowing  the  triangulation  of  all 
remaining  points  to  be  carried  out.  The  triangulation  rate  is  about  5000  points  per  minute  on  a 
Cray  2.  Thus  a  typical  mesh  containing  about  200,000  points  for  the  space  around  half  the 
aircraft  will  be  triangulated  in  approximately  40  minutes.  The  number  of  surface  points 
typically  ranges  from  about  5,000  to  10,000  depending  on  the  complexity  of  the  aircraft,  with  an 
equal  number  of  internal  points.  It  follows  that  the  time  required  to  triangulate  all  the 
aircraft  points  (surface  points  plus  internal  points)  varies  between  two  and  four  minutes  on  a 
Cray  2.  The  examples  presented  in  Figures  2,3  and  4  show  the  surface  triangulation  over  three 
different  aircraft  and  thus  demonstrate  the  scope  and  versatility  of  this  method.  Figure  2  show 
the  Lockheed  S3A  with  approximately  5000  points  on  half  the  aircraft  surface.  The  flowfield 
region  that  is  triangulated  includes  the  duct  inside  the  nacelles,  thus  allowing  a  calculation 
of  the  flow  through  the  nacelles  as  well  as  the  flow  around  the  rest  of  the  aircraft.  A  more 
complex  shape  is  the  McDonnel 1  -  Douglas  FI  5  shown  in  Figure  3.  This  aircraft  is  defined  by  about 
8000  surface  points  for  half  the  aircraft.  Again  the  complete  mesh  includes  the  region  inside 
the  duct  running  from  the  intake  through  the  aircraft  to  the  nozzle  at  the  rear.  Although 
difficult  to  discern  from  Figure  3,  the  engine  intake  is  separated  from  the  fuselage  thus 
correctly  modeling  the  intake  bleed.  Note  also  the  presence  of  the  snag  on  the  horizontal  tail 
where  there  is  a  deliberate  discontinuity  in  the  leading  edge. 

Figures  4  show  the  surface  triangulation  around  the  Boeing  747-200.  This  example  has  two 
engine  nacelles  on  each  half  of  the  aircraft  and  each  nacelle  has  both  an  outer  cowl  and  an 
inner  primary.  The  detail  in  this  region  is  apparent  from  Figure  4,  and  the  complete 
triangulation  includes  the  space  through  and  around  the  entire  nacelle  assembly.  Flow 
calculations  have  been  run  assuming  flow- through  conditions.  There  would  be  no  difficulty, 
however,  in  modifying  the  flow  solver  to  accommodate  a  powered  nacelle  boundary  condition. 

In  order  to  generate  a  mesh  around  a  new  aircraft  geometry  one  needs  a  detailed  surface 
definition.  Typically  this  would  be  supplied  in  the  form  of  a  series  of  patches  or  sections  for 
each  component  of  the  aircraft.  It  is  important  to  display  the  surface  triangulation  on  a 
graphics  terminal  in  order  to  decide  whether  the  distribution  of  surface  points  is  adequate  and 
whether  the  surface  triangulation  is  satisfactory.  It  is,  in  fact,  usually  necessary  to 
interpolate  some  extra  sections  of  points  in  various  critical  regions  in  order  to  obtain 
sufficient  resolution  of  every  geometric  detail.  When  one  is  satisfied  with  the  surface 
definition,  the  triangulation  of  the  remaining  flowfield  points  proceeds  completely 
automatically . 

Mesh  generation  of  complete  aircraft  flowfields  is  thus  accomplished  with  minimal  user 
Intervention,  and  as  the  examples  indicate,  it  is  possible  to  treat  aircraft  shapes  of 
essentially  arbitrary  complexity. 
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ABSTRACT 

In  this  paper  we  describe  a  numerical  method  which  uses  a  rectangular  grid  to  solve  the  nonlinear  full 
potential  equation  about  complex  configurations.  The  grid  is  locally  refined  to  resolve  high  velocity 
gradients  arising  from  leading  edge  expansions  or  shock  waves.  The  grid  penetrates  the  boundary 
(described  by  networks  of  quadrilateral  panels)  and  is  generated  automatically.  Discrete  operators 
are  constructed  using  the  finite  element  method.  The  system  of  nonlinear  discrete  equations  is  solved 
iteratively  using  a  Krylov  subspace  method  preconditioned  by  an  exterior  Poisson  solver  and  a  direct 
sparse  solver.  The  primary  emphasis  of  this  work  is  to  provide  design  engineers  with  an  aerody¬ 
namic  analysis  tool  (the  TRANAIR  code)  which  is  accurate,  reliable,  economical,  and  flexible  to  use. 
Computational  results  for  many  interesting  configurations  are  presented. 

INTRODUCTION 

Many  aerodynamic  designs  are  geometrically  complex.  Commercial  aircraft,  for  example,  have  na¬ 
celles,  stabilizers,  slats,  flaps,  and  ailerons,  in  addition  to  wings  and  fuselages.  The  geometry  of  typical 
military  aircraft  can  be  even  more  complex.  The  flow  about  these  configurations  may  include  shock 
waves,  engine  power  effects,  and  very  stiuag  leading  edge  expansions.  To  aid  in  the  design  of  such 
complex  configurations  the  engineering  community  needs  computational  tools  which  can  solve  the 
associated  boundary  value  problems  on  unbounded  domains  with  many  types  of  boundary  conditions. 
If  such  tools  are  to  be  used  effectively  in  a  design  project,  the  underlying  numerical  methods  have  to 
be  accurate,  reliable,  efficient,  and  flexible 

In  three  space  dimensions,  panel  methods  (boundary  integral  methods)  have  provided  the  desired 
degree  of  efficiency  and  geometry  flexibility  [1].  For  the  last  twenty  years  full  aircraft  configurations 
have  been  routinely  analyzed  using  panel  methods.  Panel  method  users  have  taken  for  granted  the 
ability  to  add.  move,  or  delete  components  at  will,  readily  select  and  change  boundary  condition  types, 
and  obtain  accurate  solutions  at  reasonable  cost  in  reasonable  time.  The  primary  drawback  of  panel 
methods  is  their  limitation  to  linear  subsonic  or  supersonic  flows. 

Unfortunately,  many  current  aircraft  fly  at  high  speeds  where  a  substantial  portion  of  the  flow  is 
transonic.  Transonic  flow  exhibits  nonlinear  behavior  and  requires  computations  in  the  volume  exterior 
to  the  configuration  surface.  Many  methods  in  aerodynamics  have  used  body  fitted  structured  or  block 
structured  grids  that  allow  each  grid  cell  to  be  treated  in  a  similar  fashion  with  minimal  storage  [2]. 
This,  however,  introduces  the  subsidiary  problem  of  generating  a  body  conforming  grid.  A  second 
approach  that  allows  arbitrary  grid  refinement  is  to  use  tetrahedral  cells  [3].  This  approach  also 
requires  the  generation  of  a  body  conforming  mesh.  A  third  approach  uses  rectangular  grids  with 
special  operators  near  the  boundary  [4,  5].  We  have  chosen  to  use  the  rectangular  grid  approach  for 
the  reasons  that  are  outlined  below. 

First,  rectangular  grids  are  easy  to  generate  and  use.  One  can  start  with  a  suitable  uniform  global 
grid  and  locally  refine  the  rectangular  cells  in  a  hierarchical  manner.  Local  refinement  may  be  con¬ 
trolled  eternally  by  the  user  or  adapted  to  the  solution.  Oct-tree  data  structures  can  be  used  to 
efficient'  -  store  and  extract  all  the  information  related  to  the  grid  [6,  7].  Second,  the  rectangular  grid 
approach  lends  itself  to  efficient  use  of  the  computing  resources.  Since  the  local  refinement  is  hierarchi- 
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cal,  all  cells  away  from  the  boundary  are  geometrically  similar,  and  the  discrete  operators  for  all  these 
cells  are  identical  up  to  a  multiplication  factor  and  require  practically  no  storage.  On  the  other  hand, 
the  operators  for  irregularly  shaped  cells  near  the  boundary,  which  can  be  constructed  using  the  finite 
element  method,  must  be  stored.  However,  this  is  not  a  major  problem  since  the  number  of  such  cells 
is  usually  small  compared  to  the  total  number  of  cells  in  the  grid.  It  is  also  possible  to  take  advantage 
of  the  rectangular  grid  in  designing  efficient  algorithms  that  calculate  residuals,  the  finite  element 
stiffness  matrix,  etc..  Third,  the  rectangular  cells  are  numerically  far  less  ill-conditioned  and  allow  the 
application  of  powerful  preconditioners  to  ensure  convergence.  They  allow  an  implicit  extension  of  the 
finite  computational  region  to  infinity  through  the  use  of  an  exterior  Green’s  function.  This  greatly 
reduces  the  number  of  cells  needed  to  solve  a  given  problem.  And.  finally,  the  requirement  to  generate 
a  body  fitted  grid  is  eliminated  since  rectangular  grids  are  independent  of  the  boundary  description. 
The  engineering  users  of  the  computational  tool  have  to  provide  only  the  boundary  description  to  the 
code  which  significantly  enhances  the  usability  of  the  code. 

We  have  developed  and  implemented  a  numerical  method  based  on  the  rectangular  grid  approach 
in  a  computer  code  called  TRANAIR.  It  solves  the  full  potential  equation  with  regions  of  differing 
total  pressure,  temperature,  and  swirl.  TRANAIR  has  been  developed  to  replace  panel  codes  as  a 
workhorse  aerodynamics  analysis  tool  for  full  configuration  design.  In  order  to  accomplish  this  goal  a 
wide  variety  of  numerical  algorithms  have  been  combined. 

In  the  following  sections  we  will  discuss  these  algorithms  with  particular  emphasis  on  the  grid. 
We  will  then  discuss  a  number  of  applications  of  TRANAIR  to  aerodynamic  analyses  of  complex 
configurations.  This  is  followed  by  concluding  remarks. 

DESCRIPTION  OF  THE  METHOD 

In  this  section  we  describe  the  numerical  method.  First,  we  define  the  continuous  problem  to  be 
solved.  Then  we  describe  the  grid  and  boundary  specification,  and  finally,  the  construction  of  the 
discrete  operator  system  and  its  iterative  solution.  More  details  on  discretization  and  the  solution 
techniques  may  be  found  elsewhere  [8]. 


Problem  Definition 

We  solve  the  full  potential  equation  given  by 

£(<&)  =  V-pV$  =  0  (1) 


where  t ho  density  and  pressure  are  given  by  isentropic  formulas 


P  =  f’x. 


P  =  Pec 


2  1x> 


(2) 


Here.  is  the  total  velocity  potential  to  be  determined,  q  =  ||  V$  ||j  is  the  speed,  M  is  the  Mach 
number.  is  the  ratio  of  specific  heats,  and  subscript  oo  denotes  a  value  at  a  far  upstream  location. 

The  far  field  condition  is  that  the  perturbation  potential  <t>  —  $  —  =  (9(^).  The  normal  flow- 

boundary  condition  is  =  h  where  li  is  zero  for  impermeability  or  may  be  specified  on  other  surfaces, 
such  as  engine  inlets.  We  may  impose  the  Dirichlet.  condition,  $  =  <7,  on  an  engine  exhaust  surface, 
where  tangential  flow  can  be  prohibited  by  specifying  g  to  be  a  constant.  The  boundary  conditions  on 
wakes  represent  conservation  of  mass  and  normal  momentum  across  the  wake,  .i.e.,  h  ■  A (/>V<J>)  =  0, 
and  A p  =  0  where  A  represents  the  jump  across  the  wake  surface. 

The  boundary  value  problem  described  above  can  be  cast  in  a  variational  form  for  the  purpose  of 
applying  the  finite  element  method  of  solution.  The  principle  we  use  is  a  generalization  of  the  Bateman 

principle  (9).  Specifically,  the  functional  required  to  be  stationary  >=  given  by 


7=/  pdV+l  hQdS  -  /  a(p^)(A*  -  p)  +  ^(A*  -  rfdS  +  j  ~  g)  ~  ~  g?dS  (3) 

J/hw  J,nUit  Jwtkn  dn  2 Al  Jmti  (in  2AI 


f?<t 


where  a  denotes  the  average  across  the  surface,  and  the  wake  strength  /<  is  determined  from  A p  =  0. 

A  modification  of  the  above  formulation  allows  the  simulation  of  flows  involving  regions  of  differing 
total  temperature  and  pressure.  The  potential  flow  exists  in  each  separate  region  as  long  as  total 
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temperature  and  pressure  are  constant  in  each  region.  Hence  to  model  such  regions  only  pressure  and 
density  in  those  regions  have  to  be  redefined  in  the  following  way: 


'  =  p~—  !i  ■:  — 
rT  [  2 


-MU  1  -  ±~) 

<liorT 


P  =  PccTp 


<iUt' 


(4) 


Here,  rp  and  rj  are  the  ratios  of  the  total  pressure  and  total  temperature  in  the  region  to  their 
corresponding  freestream  values. 


Surface  Geometry  and  Grid  Specification 

The  boundary  surfaces  are  prescribed  via  networks  of  panels.  This  input  format  allows  relatively  easy 
specification  of  complicated  boundaries.  In  TRANAIR.  it  is  identical  to  the  input  format  of  a  panel 
method  code  that  is  extensively  used  for  linear  flow  analysis  [1]. 

The  surface  networks  are  embedded  in  a  rectangular  grid  that  is  confined  to  a  finite  rectangular 
computational  region.  The  restriction  of  the  grid  to  a  compact  region  is  justified  through  a  source 
transformation.  The  argument  goes  as  follows.  Suppose  that  the  partial  differential  operator  C  is 
well  approximated  by  a  constant  coefficient  differential  operator  T  in  the  far  field.  Then  the  original 
differential  equation  =  0  is  equivalent  to 

Q  +  (C-T)G*Q  =  0.  (5) 

where  tj  is  the  Green's  function  for  T  such  that  T(Q*Q)  =  Q  for  all  0  and  $  =  Q*Q  satisfies  the  proper 
far  field  condition.  If  wc  use  the  sources  Q  as  unknowns  then  we  can  restrict  our  computation  to  that, 
region  where  Q  is  nonzero.  We  note  that  for  most  problems  of  interest  Q  approaches  zero  at  oo  much 
faster  than  approaches  Hence  it  is  possible  to  find  a  finite  computational  region  outside  which 
the  approximation  Q  =  0  holds  very  well.  For  a  wing  in  transonic  flow  the  computational  region  needs 
to  extend  only  one  or  two  chord  lengths  away.  The  same  argument  holds  for  the  discrete  problem. 
For  the  full  potential  equation  the  Prandtl-Glauert  operator  may  be  taken  as  T.  Construction  of  a 
discrete  Green's  function  for  the  Prandtl  Glauert  operator  that  satisfies  the  proper  far  field  boundary 
condition  is  facilitated  by  the  use  of  rectangular  grids  [5.  10.  11]. 

For  a  given  rectangular  computational  region  the  process  of  constructing  the  volume  grid  is  auto¬ 
matic  and  is  described  below.  First,  the  rectangular  finite  computational  region  (which  extends  far 
enough  to  include  all  boundaries  and  regions  where  the  flow  is  expected  to  be  nonlinear)  is  refined 
into  a  uniform  grid  called  the  global  grid.  The  global  grid  is  independent  of  the  boundary  surfaces 
and  its  density  has  to  be  sufficient  so  that  the  discrete  Green's  function  is  able  to  resolve  the  far  field 
adequately. 

The  global  grid  is  refined,  where  necessary,  in  a  hierarchical  manner,  i.e..  selected  grid  boxes  arc  cut 
into  eight  equal  geometrically  similar  boxes.  This  process  is  repeated  to  give  a. grid  with  any  desired 
local  resolution.  The  final  refinement  pattern  which  is  optimally  suited  to  obtain  a  solution  is  rarely 
known  a  priori.  Hence  certain  guidance  is  required  to  perform  refinement.  A  good  working  strategy 
is  one  in  which  such  guidance  is  provided  initially  by  the  user  bosed  on  his  knowledge  of  the  problem 
and  later  derived  from  the  solution  itself  as  it  evolves  iteratively.  In  other  words,  a  good  guess  to  the 
initial  grid  is  obtained  by  using  criteria  provided  by  the  user  (see  below)  and  that  grid  is  subsequently 
refined  (or  derefined)  depending  on  the  magnitude  of  the  solution  errors.  (Currently  the  grids  are 
obtained  based  on  user  provided  inputs  while  we  are  implementing  solution  adaptivity  into  the  code.) 

The  initial  refinement  can  be  controlled  by  the  user  by  specifying  two  criteria.  The  first  criterion 
is  based  on  the  lenirth  scale  of  the  surface  panels  used  to  describe  the  boundary.  Every  box  that  is 
sufficiently  close  to  a  panel  is  refined  if  some  weighted  length  scale  associated  with  the  panel  is  smaller 
than  the  length  scale  associated  with  that  box.  This  criterion  is  effective  in  providing  denser  local 
grid  near  certain  parts  of  the  boundary  if  it  is  known  that  the  solution  has  strong  gradients  there. 
The  second  criterion  allows  refinement  away  from  boundary  surfaces.  Special  “regions  of  interest  or 
disinterest”  can  be  prescribed  each  with  desired  minimum  and  maximum  refinement  levels.  All  the 
boxes  in  a  special  region  are  refined  recursively  until  the  minimum  level  is  reached.  Further  refinement 
depends  on  the  first  criterion.  This  criterion  is  useful,  for  example,  for  problems  in  which  shock  waves 
exist.  The  special  regions  are  hexahedral  (very  easy  to  input)  and  provide  a  fair  amount  of  flexibility 
in  generating  off-surface  refinement. 
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To  adapt  the  refinement  to  the  solution,  an  error  indicator  can  be  calculated  for  every  box  in 
the  grid.  This  indicator  can  be  adjusted  based  on  the  user  provided  information  (regions  of  interest 
or  disinterest)  and  used  in  either  refining  or  derefining  the  grid.  We  note  that  we  are  currently 
implementing  adaptive  refinement  in  the  code.  We  expect  that  this  will  significantly  increase  the 
reliability  and  efficiency  of  the  code. 

To  take  advantage  of  the  hierarchical  nature  of  the  refinement  and  geometric  similarity  of  the  boxes 
w’e  have  developed  a  compact  data  structure  based  on  an  oct-tree  [6,  7].  The  oct-tree  data  structure 
wre  use  is  based  on  boxes.  At  the  beginning  of  the  oct-tree  array  certain  overhead  information  that 
describes  the  size  of  the  grid  is  stored.  This  is  followed  by  two  blocks  of  data,  each  as  long  as  the  size 
of  the  global  grid,  describing  its  refinement.  Then  follow  the  branch  data  elements  of  the  tree  which 
describe  the  hierarchical  refinement  and  constitute  the  bulk  of  the  the  oct-tree.  A  typical  branch  data 
element  in  an  oct-tree  is  illustrated  in  Figure  1.  The  first  word  in  a  branch  data  element  points  to 
the  father  box,  the  next  eight  words  point  to  the  refinement  branches  of  the  sons,  if  any,  and  the  last 
word  contains  an  accumulation  index  specifying  the  number  of  nodes  encountered  up  to  that  point 
in  the  oct-tree.  A  null  pointer  (value  zero)  in  a  son  entry  of  any  branch  data  element  represents  an 
unrefined  box. 

Even  though  the  oct-tree  data  structure  described  above  is  able  to  describe  any  collection  of  hier- 

Pointer  Pointers  to  Son  Accumulation 

to  Father  Refinements  Index 


Figure  1:  Oct-tree  Data  Structure  Element. 


archically  refined  grid  boxes,  it  is  convenient  to  restrict  the  refinement  pattern.  We  require  that  no 
two  face  or  edge  neighbors  in  a  "legal"  refined  grid  differ  by  more  than  one  level  (see  Figure  2).  This 
rule  prevents  pathologically  large  stencils  (see  Figure  2).  that  otherwise  might  occur  under  certain 
circumstances,  but  allows  refinement  down  to  an  arbitrary  level  within  one  adjacent  coarse  grid  box. 

We  h  ave  extended  the  oct-tree  data  structure  to  accommodate  nodal  and  boundary  information. 
The  index  of  a  box  is  assigned  to  the  node  at  its  lower-left-near  corner.  In  order  to  ensure  that  all 
nodes  at  refinement  interfaces  are  accounted  for.  we  perform  pseudo-refinement  (see  Figure  2).  Boxes 
added  by  the  pseudo-refinement  are  used  only  to  identify  nodes  and  do  not  introduce  extra  degrees  of 
freedom.  This  allows  us  to  keep  track  of  nodes  as  well  as  boxes  using  t he  same  oct-tree  with  only  a 
modest  increase  in  storage.  Any  unrefined  box  cut  by  a  boundary  is  identified  with  a  negative  number 
(equal  to  its  index  in  a  list  of  such  boxes)  placed  in  the  son  entry  of  a  branch  data  element.  This  is  a 
convenient  and  compact  wav  of  accounting  for  the  presence  of  the  boundary. 

The  data  structure  allows  efficient  extraction  of  a  variety  of  information,  such  as  the  location  of 
nodes  and  box  centroids,  box  size,  box  refinement  level,  node  indices,  box  adjacency  and  identity 
of  boxes  intersecting  the  boundary.  The  location  of  a  node  or  a  centroid  of  an  unrefined  box  can  be 
calculated  bv  climbing  up  to  the  ancestor  in  the  global  grid  and  then  using  the  global  box  information. 
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Figure  2:  Some  Issues  in  Hierarchical  Refinement. 


Adjacency  (box-to-box  connectivity)  information  can  be  obtained  by  starting  at  a  box  and  climbing 
up  the  oct-tree  to  the  root  of  the  branch  that  includes  that  box  and  climbing  down  a  complementary 
path  to  the  neighboring  box.  Asymptotically  this  data  structure  requires  stornge  equal  to  10/7  the 
number  of  unrefined  boxes  for  the  box  information.  However,  when  the  nodal  information  is  added,  the 
factor  is  closer  to  two  for  those  cases  where  a  substantial  number  of  boxes  have  neighbor  of  different 
refinement  level. 

Discretization 

The  finite  element  method  is  used  to  discretize  the  partial  differential  operator.  On  each  box  a  standard 
piecewise  trilinear  solution,  parameterized  by  eight  unknowns  located  at  the  corners,  is  defined,  see 
Figure  3a.  Element  stiffness  matrices  are  generated  by  taking  variations  of  the  functional  J  in  Equation 
(3)  with  respect  to  each  degree  of  freedom.  For  a  standard  box  not  cut  by  a  boundary  we  may  write 
the  variation  as 

SJ  =  —  J ^  ■  V(S <hdV  (6) 

In  evaluating  the  inregral  the  density  is  taken  as  a  constant  over  the  box  with  the  value  of  density 
evaluated  at  the  centroid.  Since  the  boxes  are  obtained  by  hierarchical  refinement,  every  standard 
(off-boundary)  box  has  the  same  element  stiffness  matrix  up  to  a  constant  factor  that  depends  only  on 
the  refinement  level  of  the  box  and  the  density  at  the  centroid  of  that  box.  Only  one  stiffness  matrix 
must  l)e  stored  for  all  the  boxes  not  cut  by  the  boundary.  This  can  be  exploited  to  reduce  the  storage 
requirements  drastically. 

a)  Standard  Box  b)  Boundary  Box 


Figure  i:  Box  Finite  Element  with  Eight  Corner  Unknowns. 

For  the  boxes  cut  by  the  boundary  the  element  stiffness  matrices  are  derived  from  Equation  (3) 
which  includes  appropriate  surface  integral  terms.  The  domain  of  volume  integration,  referred  to  as  a 
D  region,  is  any  connected  flow  region  in  the  box.  see  Figure  3b.  The  domain  for  the  surface  integrals 
is  the  part  of  the  boundary  cut  by  the  box.  The  trilinear  approximation  function  for  boxes  cut  by  the 
boundary  is  defined  in  the  same  manner  as  described  above  except  that  the  corner  unknowns  on  the 
other  side  of  a  boundary  surface  can  be  viewed  as  extrapolated  values,  denoted  in  Figure  3b  by  T. 
For  complex  geometries,  the  D  regions  can  take  any  shape,  and  the  integration  involved  in  computing 
the  stiffness  matrix  appears  to  bo  a  formidable  task  at  first  sight.  But  the  integrands  are  polynomials 
so  that  Gauss  and  Stokes'  theorems  and  simple  one  dimensional  integration  formulas  can  be  used  to 
systematically  reduce  these  integrals  to  point  evaluations  at  vertices  of  the  bounding  surfaces.  It  is 
possible  to  have  more  than  one  D  region  and  consequently  more  than  one  approximation  function  in  a 
given  rectangular  box  and  more  than  one  unknown  at  some  of  its  nodes.  Each  D  region  has  a  distinct 
element  stiffness  matrix  which  must  be  stored.  However,  these  regions  represent  typically  only  10  to 
20V<  of  the  total  regions  needed  to  give  an  accurate  solution  of  the  boundary  value  problem.  Hence, 
the  storage  required  is  acceptable. 

In  order  to  maintain  conservation  of  mass  across  the  grid  interfaces  one  must  maintain  the  continuity 
of  basis  functions  used  in  the  finite  element  method.  This  is  achieved  through  introduction  of  pseudo¬ 
unknowns  which  lie  on  the  edges  and  faces  of  boxes  with  finer  neighbors.  The  value  of  a  given 
pseudo-unknown  is  forced  to  be  the  average  of  its  parents  located  at  the  endpoints  of  the  edge  or  the 
corners  of  the  face  on  the  coarser  neighbor. 
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Standard  first  order  upwinding  of  the  density  is  used  to  produce  the  artificial  dissipation  required 
when  supersonic  flow  is  present  [12]: 

p  =  p  —  fi  A /  v  ■  V_/>  where  p  =  1  -  M2/M2.  (7) 

Here  p  is  the  switching  function,  Mc  is  the  cutoff  Mach  number.  A l  is  an  elemental  length  associated 
with  the  coll,  f  is  the  unit  velocity  vector,  and  the  density  gradient  is  upwinded. 

Solution  Techniques 

Since  the  discrete  system  thus  generated  is  generally  large,  nonsymmetric,  nonlinear  and  often  poorly 
conditioned,  we  have  chosen  the  Krylov  subspace  method  GMRES  [13]  as  the  basic  iterative  solver. 
GMRES  is  only  effective,  however,  when  it  is  preconditioned  appropriately  to  produce  a  favorable 
distribution  of  eigenvalues.  Denoting  the  solution  ttnknown  symbolically  by  \  Rt  the  discrete  system 
to  be  solved  be 

L(\)  =  f  (8) 

Standard  left  preconditioning  is  the  application  of  GMRES  to  A'~,L(\)  =  A'-1/  where  A'-1  is  the 
preconditioner.  Standard  right  preconditioning  is  the  application  of  GMRES  to  LT~l(Q)  =  /  where 
Q  =  T\. 

We  have  found  that  a  combination  of  right  and  left  preconditioning  works  best  for  the  types  of 
problems  being  considered  here.  We  use  a  combination 

vTN~lLT-'Q  =  (9) 

where  is  a  cutoff  imposed  at  the  outer  boundary  of  the  computational  region.  Hero  T~ 1  is  the 
convolution  with  the  Green's  function  for  the  discrete  Prandtl-Glauert  operator  defined  on  the  global 
grid.  For  other  unknowns,  t his  operator  is  simply  the  identity.  This  preconditioner  is  extremely 
effective  for  subsonic  regions  and  ensures  that  the  far  field  boundary  condition  is  satisfied.  The  left 
prer. mditioner  A’-1  is  chosen  to  be  an  approximate  inverse  of  the  global  stiffness  matrix  restricted  to 
a  reduced  set  containing  the  unknowns  near  the  boundary  and  in  the  supersonic  regions.  We  obtain 
A’“‘  bv  a  direct  sparse  incomplete  factorization  of  A".  To  make  direct  decomposition  feasible  for  large 
problems  we  introduce  a  dynamic  drop  tolerance  and  nested  dissection  ordering  for  the  unknowns. 
The  small  elements  (below  a  specified  drop  tolerance)  in  the  decomposition  are  dropped  as  they  are 
generated.  This  has  a  cascading  effect  and  dramatically  reduces  fill  [11].  A  grid  based  nested  dissection 
ordering  reduces  the  fill  during  elimination. 

To  handle  nonlinearities  we  embed  GMRES  in  an  approximate  Newton  method  with  GMRES 
driving  a  linearized  operator  obtained  by  finite  differencing  the  nonlinear  operator.  A  Newton  method 
is  rarely  globally  convergent  if  the  initial  solution  is  taken  to  be  o  —  0.  which  is  usually  not  a  good 
approximation  to  the  solution.  Therefore,  a  Newton  method  generally  must  be  damped,  especially  for 
large  transonic  problems. 

We  damp  the  Newton  method  by  controlling  the  amount  and  the  extent  of  the  region  of  artificial 
dissipation.  Higher  dissipation  (higher  values  of  //  in  Equation  (7))  is  applied  over  a  larger  region 
(lower  ''allies  of  \fr  in  Equation  (7))  during  the  initial  Newton  steps  so  that  supersonic  zones  and 
shock  positions  are  located  fairly  early  in  the  process,  even  though  the  shocks  are  quite  smeared. 
After  a  few  Newton  steps,  both  the  amount  of  dissipation  and  the  extent  over  which  it  is  applied  are 
reduced  to  appropriate  levels. 

An  alternate  method  of  aiding  the  Newton  iteration  is  to  use  a  sequence  of  coarse  to  fine  grids. 
The  solution  on  a  coarse  grid  is  interpolated  to  provide  the  initial  guess  for  the  next  finer  grid.  This 
procedure  has  the  same  effect  as  using  large  artificial  dissipation  (higher  value  of  A /  in  Equation  (7)) 
initially  and  decreasing  it  in  the  subsequent  grids.  The  shocks  are  smeared  in  the  coarser  grids  but 
are  closer  to  their  actual  location. 

RESULTS 

In  this  section  we  present  some  results  obtained  by  applying  the  TRANAIR  code  to  many  practical 
problems  of  interest.  The  code  runs  on  the  fray  X-MP  or  the  fray  Y-MP  machines  with  an  SSD  but 
all  the  results  shown  here  are  obtained  on  the  fray  X-MP.  We  present  results  for  the  ONER  A  MG 
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wing,  the  FIG  tighter  configuration  with  and  without  tanks  and  missiles,  and  several  transport  aircraft 
configurations  with  nacelles,  struts,  tip  feathers,  and  installed  powered  nacelles.  These  cases  have  been 
analyzed  with  up  to  320,000  grid  boxes  and  involve  sparse  matrix  decompositions  of  matrices  with  up 
to  200,000  unknowns.  The  solutions,  converged  to  G-8  digits  accuracy,  are  typically  obtained  in  run 
times  of  about  1-2  hours. 

A  standard  aerodynamic  test  case  is  the  ONER  A  MG  wing  at  M x  —  0.84  and  cv  =  3.0G°.  The 
TRAXAIR  results  are  compared  to  those  obtained  using  FL028  [2].  Dense  grids  (TRAXAIR  grid 
with  311.000  boxes  and  FL028  grid  with  3G4,000  cells)  were  used  in  both  codes  to  capture  the  oblique 
(supersonic  to  supersonic)  shock  accurately.  In  Figure  4.  we  show  two  cuts  through  the  TRAXAIR 
grid.  In  Figure  5  we  compare  surface  pressures  at  four  span  stations.  The  TRAXAIR  solution  agrees 
quite  well  with  the  FL028  solution  using  first  order  dissipation.  In  this  problem,  both  codes  used 
grid  sequencing  and  obtained  comparable  accuracy  (seven  digits)  at  comparable  cost  (approximately 
an  hour  and  a  half). 


("ut  at  GO  '/  Span  Waterline  Cut 

1’ inure  l;  f  w« .  (’ms  riiroucti  for  ONKKA  M<»  W  inn.  A/v  =  O.*l.o  = 

Next  we  present  the  results  for  the  FIG  tighter  configuration,  shown  in  Figure  G  with  and  without 
tin'  tank  and  missile.  The  FIG  without  the  tank  and  missile  was  analyzed  at  =  0.9  and  n  =  4.0°. 
The  computational  grid  had  189.000  boxes.  A  comparison  of  computed  surface  pressure  with  wind 
funnel  data  at  two  wing  stations  is  shown  in  Figure  7.  The  agreement  between  computed  results  and 
test  data  is  good.  For  the  FIG  with  tank  and  missile.  Figure  8  shows  two  plane  cuts  through  the 
computational  grid,  which  has  about  21G.000  boxes.  Figure  9  compares  computed  surface  pressure 
(at  .1/ v  =  0.9  and  n  =  4.0°  pist  inboard  and  just  outboard  of  the  tank  strut  with  those  for  the  FIG 
without  tanks  and  missiles.  The  qualitative  ellect  of  the  tank  is  to  speed  up  the  flow  underwing  and 
is  predicted  Well. 

I  he  next  case  is  a  717-200  transport  configuration  with  wing-,  body,  struts  and  nacelles.  The 
geometry  description  includes  about  23.000  panels  (see  Figure  1(1)  and  vs  much  bigger  than  which  can 
be  handled  by  panel  codes.  The  How  anahsis  was  performed  at  o  —  2.7"  and  .1/,  =  0.8.  This  is 
approximately  the  largest  freestroam  Mach  number  at  which  an  inviscid  solver  can  obtain  reasonable 
results  without  boundary  layer  coupling.  The  grid  used  for  this  problem  consisted  of  approximately 
219.000  boxes,  figure  11  shows  a  cut  through  the  grid.  Figure  12  compares  computed  pressure  with 
wind  tunnel  pressure  data  at  four  span  stations  of  the  wing.  Overall,  one  sees  very  good  agreement 
with  experiment.  Most  of  the  differences  are  seen  in  the  upper  surface  pressures  and  are  attributable 
to  viscous  effects  not  currently  modeled  in  TRAXAIR.  On  the  lower  surface  one  can  clearly  see  (in 
Figure  12)  the  ellect  of  the  outboard  nacelle  at  the  GO1/  span  station.  Near  the  leading  edge  of  the 
wing  at  the  same  span  station  the  TRAXAIR  solution  indicates  a  supersonic  to  supersonic  shock,  also 
evident  in  the  experimental  data. 

The  next  case  we  present  is  a  transport  aircraft  with  tip  feathers.  The  paneling  for  the  configuration 
is  shown  in  Figure  13a.  This  configuration  is  a  good  example  of  where  the  length  scales  associated 
with  different  components  are  vastly  different.  Typical  grid  sections  are  shown  in  Figure  13b.  We  note 
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Figure  0:  F 1 6  Aircraft  Configuration  with  and  without  Tank/Missile. 


that  the  finest  grid  box  is  seven  levels  below  the  biggest  box  (with  volume  ratio  of  approximately  2 
million).  The  flow  solution  obtained  at  =  0.8  and  rt  —  1.6°  is  shown  in  Figure  13c.  At  this  Mach 
number  and  angle  of  attack  the  shock  on  the  forward  feather  is  too  far  aft  which  can  be  attributed  to 
lack  of  boundary  layer  modeling  in  TRANAIR. 

Finally,  we  present  analysis  of  a  transport  aircraft  with  installed  powered  nacelles.  The  plumes 
behind  the  nacelle  are  simulated  as  regions  of  different  total  pressure  and  temperature.  In  Figure 
14a  and  14b,  we  show  the  paneling  for  the  configuration  and  a  typical  section  of  the  grid  with  about 
230,000  boxes.  In  Figure  14c  and  14d  we  compare  the  pressure  computed  at.  an  underwing  station 
and  inboard  strut  station  with  and  without  power  (flight  idle  (ram)  and  cruise  conditions).  The  effect 
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a)  Inboard  Nacelle  and  Strut 


b)  Top  View  of  Wing  and  Body 


Figure  10:  747-200  Transport  Configuration. 


Constant  x  Cut  Behind  Inboard  Nacelle 

Figure  11:  A  Cut  Through  TRANAIR  Grid  for  747-200  Case. 
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of  power  on  local  flow  is  obvious.  This  case  demonstrates  the  capability  of  the  TRAN  AIR  code  to 
handle  power  effects,  a  capability  usually  associated  with  an  Euler  formulation. 

Concluding  Remarks 

The  method  described  in  this  paper  is  fully  implemented  for  aerodynamics  applications  in  a  computer 
program  called  TRANAIR.  The  results  shown  in  this  paper  demonstrate  the  flexibility  of  TRAN  AIR 
to  handle  complex  geometries  in  transonic  flow.  With  the  ability  to  account  for  regions  with  different 
total  pressure  and  total  temperature  the  code  is  capable  of  handling  engine  power  effects  accurately. 
Reliability,  generality,  efficiency  and  usability  of  TRANAIR  approach  those  of  panel  codes  even  t  hough 
the  flow  now  contains  shocks  and  other  nonlinear  effects. 

We  are  currently  implementing  adaptive  grid  refinement  which  will  further  enhance  the  efficiency, 
usability  and  reliability  of  this  code.  We  plan  to  add  a  coupled  boundary  layer  simulation  to  this  code 
in  the  near  future.  In  addition,  we  are  also  investigating  a  wake  capturing  scheme  which  has  potential 
to  capture  sharp  vortex  sheets. 
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SUMMARY 

The  increasing  interest  in  predicting  the  scattering  and  radiation  characteristics  of  objects  with  a 
complicated  structure  has  stimulated  the  development  of  several  theories.  A  rigorous  treatment  of  the  elec¬ 
trodynamic  problem  requires  the  solution  of  a  boundary  value  problem  based  on  Maxwell's  differential  equa¬ 
tions  or  on  the  equivalent  integral  equations.  The  application  of  rigorous  methods  for  objects  whose  di¬ 
mensions  are  large  compared  to  the  wavelength  is  limited  by  the  required  computer  memory  and  execution 
time.  Therefore,  methods  which  solve  the  boundary  value  problem  approximately  come  into  consideration. 

Each  type  of  soluti'on  method  involves  a  typical  model  either  of  the  surface  or  the  volume  of  the  structu¬ 
re  and  it's  surroundings.  So,  geometric  models  consisting  of  canonical  shapes,  wire-grids,  surface  patches, 
ard  volume  cells  are  described  and  the  requirements  of  the  specific  solution  methods  are  discussed.  In 
some  cases  estimations  for  the  necessary  modeling  accuracy  are  given.  Methods  which  are  based  on  geome¬ 
trical-optics  principles  require  models  where  the  surface  parts  which  are  illuminated  by  the  incident  wave 
and  the  surface  parts  which  are  hidden  can  be  separated  for  each  aspect  angle.  Such  a  procedure  is  dis¬ 
cussed  as  well  as  the  procedure  to  treat  double  reflections.  Some  computational  examples  for  radiation 
and  scattering  processes  are  given  and  comparisons  with  measurements  are  made. 

1.  INTRODUCTION 

In  electrodynamics  there  is  an  increasing  demand  in  predicting  the  radiated  field  of  antennas  instal¬ 
led  on  complicated  structures  or  the  scattered  field  of  radar  objects.  Therefore,  the  extension  of  known 
methods  and  the  development  of  new  methods  is  stimulated  to  describe  the  interaction  process  between 
the  electromagnetic  wave  and  the  structure  under  test.  With  the  following  figures  some  typical  problems 
of  electrodynamics  are  illustrated. 

Fig.  1.1  shows  a  periscope  within  a  sea  surface.  One  is  interested  in  the  polarisation  dependent  ra¬ 
dar  cross-section  of  the  object  in  this  specific  surroundings.  The  radar  cross  section  is  a  far-field  quan¬ 
tity,  which  means  that  it  is  to  be  determined  at  a  distance  which  exceeds  2D2/ X .  The  object  with  dimension 
D  is  large  against  the  wave  length  A  of  the  incident  electromagnetic  wave. 


Fig.  1.1  Periscope  within  a  moving  sea  surface.  Fig.  1.2  Distortion  of  a  plane  wave  due  to  the  inter¬ 
action  between  the  incident  electromagnetic  wave  and  the 
structure. 

Fig.  1.2  shows  an  airplane  which  is  equipped  for  position  finding  purposes.  Since  the  phase  front  of 
the  incoming  plane  wave  is  distorted  by  the  airplane  structure,  the  question  arises,  where  an  appropriate 
place  on  the  airplane  for  the  installation  of  the  direction  finding  antenna  can  be  found.  The  magnitude  of 
the  distortion  of  the  wave  front  in  dependence  from  frequency,  polarization  and  angle  of  incidence  is  of 
interest.  The  solution  of  this  problem  requires  the  computation  of  the  scattered  near-field,  since  the  di¬ 
mensions  of  the  object  are  in  the  order  of  the  wavelength  and  the  position  finding  antenna  is  installed  at 
a  distance  above  the  surface  which  amounts  to  a  fraction  of  a  wavelength. 

Fig.  1.3  shows  a  reflector  antenna  for  a  satellite  earth  station.  The  radiation  forming  parts  are  the 
hornparabola,  the  subreflector  and  the  main  reflector.  The  spherical  wave  which  propagates  in  the  horn  is 
reflected  by  the  parabolic  reflector  of  the  horn  towards  the  subrcflector  and  transformed  into  a  plane 
wave.  Since  the  subreflector  also  is  parabolic  the  wave  is  again  transformed  into  a  spherical  wave.  A 
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Fig.  1.3  Principle  of  a  satellite  earth  station  Fig.  1.4  Torus  antenna,  capacitive  coupled  to  the  inner 
antenna  (cassegrain  type),  1  hornparabola,  conductor  of  a  coaxial  line. 

2  subref lector,  3  main  reflector. 

Fig.  1.4  finally  shows  a  torus  antenna  mounted  above  a  circular  plate  and  excited  by  a  small  flat  pla¬ 
te.  Such  a  device  is  a  very  compact  radiator  since  the  circumference  of  the  torus  antenna  is  in  the  order 
of  a  wave  length.  It  finds  use  as  a  primary  radiator  in  a  central  fed  reflector.  Usually  one  is  not  only 
interested  in  the  far-field  characteristics  of  such  an  antenna,  but  also  in  the  input  admittance  which  is 
a  near-field  quantity. 

In  the  past  only  approximate  theoretical  or  experimental  methods  were  av» liable  for  prediction  purpo¬ 
ses.  While  approximate  methods  can  fail  in  giving  sufficient  accurate  predictions  of  the  interaction  pro¬ 
cess,  experimental  methods  require  a  high  effort  especially  if  changes  of  the  structure  must  be  carried 
out  for  optimization  purposes.  In  these  cases  it  is  desirable  to  reduce  the  number  of  experimental  studies 
to  a  few  final  measurements,  which  can  be  defined  by  the  preceding  theoretical  analysis.  This  requires 
from  the  theory  to  develop  and  validate  methods  which  are  able  to  describe  the  interaction  of  electro¬ 
magnetic  waves  with  a  complicated  structure  with  an  accuracy,  which  is  sufficient  for  practical  applica¬ 
tions. 

The  progress  in  computer  techniques  permits  in  an  increasing  manner  the  use  of  theories,  which  because 
of  their  high  numerical  effort  could  not  be  considered  in  the  past.  There  is  a  great  variety  of  methods 
which  in  principle  come  into  question.  Each  method  has  its  specific  advantages  and  drawbacks  depending 
from  the  type  of  the  problem.  Among  these  methods  there  are  as  well  as  heuristic  methods  like  the  physi¬ 
cal  optics  method,  and  the  geometrical  theory  of  diffraction  as  rigorous  methods,  which  solve  Maxwell's 
differential  equations  directly  or  undertake  the  solution  of  the  equivalent  integral  equations.  The 
choice  of  geometric  models  is  influenced  by  the  chosen  solution  method.  Within  the  context  of  this  paper 
it  is  not  possible  to  describe  the  electrodynamic  methods  in  detail.  More  informations  may  be  obtained  by 
the  cited  references.  A  rough  classification  of  the  theories  can  be  given  as  follows. 

In  the  radar  case  the  distance  between  the  source  of  the  incident  wave  and  the  object  is  much  greater 
than  the  dimensions  of  the  object.  The  antenna  case  is  characterized  by  the  fact  that  the  source  of  the  in¬ 
cident  wave  is  either  within  the  radiating  structure  itself  (e.g.  a  feeding  gap  of  a  dipole  antenna)  or  in 
the  immediate  neighbourhood  of  the  scattering  object  (e.g.  an  antenna  on  an  airplane).  From  the  standpoint 
of  a  rigorous  solution  of  Maxwell's  equations  there  is  no  difference  between  a  radiation  and  a  scattering 
problem.  In  the  following  the  more  general  term  scattering  problem  will  be  used  for  both  types  of  problems. 

If  one  is  interested  in  the  description  of  near-field  characteristics,  e.g.  the  scattered  field  in  the 
immediate  neighbourhood  of  the  structure  or  the  field  at  the  surface  of  the  structure  itself,  only  rigorous 
methods  can  be  used.  If  the  dimension  of  the  structure,  however,  exceeds  the  order  of  several  wavelengths 
(high  frequency  case),  rigorous  methods  will  fail  in  practice  because  of  the  required  high  computer  effort. 
Fortunately  the  main  contributions  to  the  scattered  field  in  this  case  originate  from  parts  of  the  structu¬ 
re  which  are  illuminated  from  the  incident  wave  or  which  give  rise  to  double  or  multiple  reflections.  The¬ 
se  phenomena  may  be  treated  by  geometrical  optics.  Wedges  in  the  structure  give  rise  to  diffraction  pro¬ 
cesses  which  can  be  described  by  an  asymptotic  evaluation  of  the  rigorous  theories  for  large  distances  and 
large  dimensions  of  the  structure.  This  concept  leads  to  the  development  of  heuristic  methods  for  the  high 
frequency  case.  So  a  very  important  criterium  for  the  choice  of  the  solution  methods  is  the  dimension  of 
the  object  referred  to  the  wavelength,  that  is  the  parameter  U/\. 

The  solution  of  Maxwell's  equations  for  the  electric  field  t  and  the  magnetic  field  can  be  carried 
out  for  the  volume  which  surrounds  the  scatterer.  For  this  purpose  it  is  necessary  not  only  to  model  the 
surface  of  the  scatterer  but  also  the  surrounding  volume.  This  leads  to  one  type  of  geometric  models.  Max¬ 
well's  differential  equations  can  be  transduced  in  equivalent  integral  equations  over  the  tangential  fields 
at  the  surface  of  the  scatterer.  This  leads  to  a  class  of  geometric  models  which  have  to  represent  only  the 
surface  of  the  scatterer.  Following  the  publications  in  electrodynamics  the  use  of  surface  models  is  more 
common  than  the  use  of  volume  models.  In  the  subsequent  sections  several  geometric  models  are  discussed 
which  are  typical  for  the  individual  electrodynamic  solution  procedures.  Models  which  are  suited  for  so¬ 
lutions  with  the  integral  equation  or  the  physical  optics  method  are  emphasized. 


2.  MODELING  WITH  CANONICAL  SHAPES 

The  structure  is  considered  to  be  an  ensemble  of  components,  each  of  which  can  be  geometrically  appro¬ 
ximated  by  a  simple  shape.  A  coarse  model  of  an  airplane  for  example  may  be  established  by  a  cylinder,  flat 
plates,  section  of  a  sphere,  see  Fig.  2.1.  For  a  certain  class  of  canonical  shapes,  in  particular  wedges 
and  smooth  surfaces,  theories  are  available  to  determine  the  scattered  field  for  arbitrary  aspect  angles, 
from  which  the  radar  cross-section  can  be  evaluated.  Several  problems  will  arise.  The  first  problem  con¬ 
sists  in  combining  the  contributions  of  the  individual  shapes  by  proper  phasing  to  the  total  field  or  cross- 
section.  A  further  problem  arises  by  the  fact  that  in  dependence  from  the  aspect  angle  one  canonical 
substructure  may  hide  completely  or  partially  the  other  one.  A  third  problem  concerns  the  electromagnetic 
interaction  of  one  canonical  shape  with  the  other. 


Fig.  2.1 

Model  of  an  airplane  with  simple  shapes. 

1  flat  plate 

2  cyl inder 

3  wedge 

4  conus 

5  sphere 


A  procedure  which  overcomes  the  first  problem  consists  in  combining  the  contribution  of  the  several 
canonical  shapes  by  random  phase  [1].  This  is  based  on  the  assumption  that  the  different  phases  of  the  ca¬ 
nonical  structures  are  randomly  distributed;  then  upon  averaging  over  the  phases  one  obtains  for  the  radar 
cross-section  : .  of  the  total  object,  which  is  composed  of  N  canonical  shapes  with  cross-sections  i . ,  the 
expression  J 


(2.1) 
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In  connection  with  this  method  of  approach  one  can  estimate  the  amount  of  probable  deviation  from  the 
average  cross-section  ■?.  by  employing  the  root  mean  square  spread.  This  measure  of  the  probable  variation 
in  cross-section  due  to  relative-phase  effects  leads  to  the  following  bounds:  t  s,  where 

N  N 

(2.2)  s2  =  (  7  1  y  -  v  . 

j=l  J  J-1  J 

The  random  phase  method  is  designed  to  give  estimates  of  the  amount  by  which  the  cross-section  might 
deviate  from  the  average  value  because  of  phase  effects.  If  one  is  interested  in  finding  an  order-of-magni 
tude  estimate  of  the  cross-section  as  a  function  of  aspect  angle  the  random-phase  procedure  would  be  ade¬ 
quate.  Since  only  cross-sections  play  a  role  one  also  can  use  experimental  data  for  such  shapes  for  which 
no  theoretical  values  are  available.  A  further  advantage  of  this  method  concerns  the  computer  effort  since 
the  evaluation  of  the  radar  cross-section  for  canonical  shapes  can  be  done  analytically.  The  values  of  the 
individual  shapes  can  also  be  calculated  in  advance  for  discrete  elevation  and  azimuth  angles  and  together 
with  the  experimental  data  for  the  non-canonical  shapes  properly  arranged  in  a  data  file.  For  arbitrary 
aspect  angles  the  cross-sections  can  be  evaluated  by  interpolation  schemes. 


If  one  is  interested  not  only  to  estimate  the  average  value  and  the  amount  by  which  the  cross-section 
deviates  from  the  average  value  but  also  to  predict  the  peaks  and  nulls  of  the  radar  cross-section  in  de¬ 
pendence  from  frequency,  polarization  and  position  of  the  observer  point  one  has  to  combine  the  scattered 
field  of  the  canonical  shapes  with  their  relative  phases  referred  to  a  common  reference  point.  This  makes 
the  use  of  experimental  data  more  difficult. 

At  this  time  the  most  capable  method  in  electrodynamics  which  is  based  on  canonical  shapes  and  solves 
the  relative  phase  problem  is  the  geometrical  theory  of  diffraction  (GTD)  (121.  The  GTD  is  a  ray  optical 
technique  and  is,  therefore,  bound  to  such  applications  where  the  object's  dimensions  are  much  greater  than 
a  wavelength.  The  GTD  makes  use  from  the  rigorous  solutions  for  canonical  shapes  in  such  a  way  that  a  dif¬ 
fraction  coefficient  D  is  evaluated  which  connects  the  diffracted  field  with  the  incident  field.  This  dif¬ 
fraction  coefficient  plays  a  similar  role  as  the  well-known  reflection  coefficient  R  in  optics.  The  most 
important  canonical  shapes  of  the  GTD  are  shown  together  with  typical  ray  paths  in  Fig.  2.2.  For  the  wedge 
and  the  smooth  surface  the  diffraction  coefficients  are  known  in  case  of  perfectly  conducting  bodies  while 
the  reflection  coefficient  can  be  determined  also  for  nonperfectly  conducting  multilayered  panels,  see  Sec. 
7.1. 


The  rays  which  undergo  reflection  and  diffraction  at  the  structure  and  reach  the  observer  point  are 
to  be  determined  from  geometrical  and  differential  geometrical  considerations.  This  ray  tracing  procedure 
is  illustrated  at  hand  of  Fig.  2.3.  A  source  (slot  antenna)  is  installed  at  the  top  of  the  fuselage  of 
an  airplane.  For  a  given  observer  direction  the  following  rays  are  depicted: 

direct  ray, 

reflected  ray,  the  reflection  occurs  at  the  surface  of  the  left  wing, 

wedge  diffracted  ray,  the  diffraction  occurs  at  the  trailing  edge  of  the  left  wing, 

surface  diffracted  ray  (creeping  wave)  which  encircles  the  fuselage  and  is  then  radiated  toward  the 

observer  point. 

The  contribution  of  the  several  rays  are  summed  up  with  correct  amplitude  and  phase.  If  multiply  re¬ 
flected  and  diffracted  rays  are  taken  into  account  the  complexity  increases  considerably.  The  ray  tracing 
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for  arbitrary  positions  of  source  and  observer  is  one  of  the  main  problems  of  this  technique.  Nevertheless, 
the  GTD  besides  the  physical  optics  method  is  the  most  promising  approach  for  the  solution  of  high  frequen¬ 
cy  problems. 


a)  reflection  at  a  panel 


b)  diffraction  at  a  wedge 


c)  diffraction  at  a  smooth  surface 


Fig.  2.2  Canonical  shapes  and  interaction  processes. 
4  creeping  wave. 


1  incident  ray,  2  reflected  ray,  3  diffracted  ray, 


Fig.  2.3 
Ray  paths. 

1  slot  antenna 

2  direct  ray 

3  reflected  ray 

4  cc.ie  of  diffracted  rays 

5  geodesic  path 

6  surface  diffracted  ray 


3.  MODELS  USED  IN  THE  INTEGRAL  EQUATION  APPROACH 
3.1  REMARKS  TO  THE  ELECTRODVNAMIC  THEORY 


The  electrodynamic  processes  which  are  expressed  by  the  differential  equations  of  Maxwell  under  satis¬ 
fying  the  boundary  conditions  can  be  formulated  by  equivalent  integral  equations  (IE)  for  the  fields  tan¬ 
gential  to  the  surface  of  the  scatterer.  For  a  perfectly  conducting  scatterer  one  obtains  the  following 
integral  equations  which  each  independently  from  the  other  can  be  applied  to  solve  for  the  surface  tan¬ 
gential  field.  One  of  the  integral  equations  is  denoted  as  the  electric  field  integral  equation  (EFIE)  and 
given  by  [12,  14] 
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the  other  is  denoted  as  the  magnetic  field  integral  equation  (MFIE)  and  expressed  by 

-jkR 


(3.2)  3F(r)  =  2n(r)  -  i?e(r)  +  ^  n(r)  *  <f  ( 1+jkR) (JF(r' )  *  eR) 


df 1 
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The  geometric  magnitudes 


$,  eg,  n,  F,  df1  are  illustrated  in  Fig.  3.1.  The  magnitudes  w,  e,  k 
are  explained  in  Sec.  7.1.  Ee  resp.  i?e  is  the  incident  electric  resp.  magnetic  field  at  the  observer  point 
which  is  situated  on  the  surface  of  the  scatterer.  ^n  radar  problems  E  "  ‘ 

which  comes  from  infinity.  In  the  antenna  case  Ee,  Ho  is  the  outgoing 


tenna)  or  of  an  aperture  ( horn^antenna}.  The  unknown  Jp  i 
with  the  tangential  component  n(f')*fl(r')  gf  the  total  ma 

incident  field  H  and  the  scattered  field  II 
e  s 

observer 


p,  Hp  is  supported  by  a  plane  wave 
field  of  a  feeding  gap  (cylinder  an- 
s  the  electric  surface  current  which  is  identical 
magnetic  field  which  for  its  part  is  the  sum  of  the 


observer 


JF(r) 


Fig.  3.1  Geometry  for  the  evaluation  of  the  EFIE,  MFIE.  Fig.  3.2  Far-field  geometry. 
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The  EFIE  is  an  integral  equation  of  the  first  kind,  the  MFIE  an  integral  equation  of  the  second  kind. 
In  principle  both  integral  equations  may  be  used  independently  from  another  to  determine  the  surface  cur¬ 
rent.  However,  in  practice  it  turns  out  that  there  are  significant  differences  depending  from  the  geometry 
of  the  scatterer.  The  MFIE  has  advantages  if  the  structure  consists  of  smooth  surfaces  (e.g.  an  airplane), 
whose  radius  of  curvature  are  large  compared  to  the  wavelength.  The  first  term  on  the  right-hand  side  re¬ 
presents  the  physical  optics  current  distribution,  see  Sec.  4.  The  contribution  of  the  integral  can  be  con¬ 
sidered  as  a  correction  term  to  the  physical  optics  theory.  The  MFIE  cannot  be  used  for  structures  which 
are  very  thin  compared  to  the  wavelength  like  thin  cylinders  or  thin  shells.  In  these  cases  the  EFIE  must 
be  used.  The  use  of  the  EFIE  is  also  recommended  if  the  scatterer  shows  a  lot  of  structural  details  (e.g. 
a  tank  or  a  helicopter). 

The  integral  equations  can  be  transduced  to  linear  systems  of  equations  by  the  method  of  moments.  For 
this  purpose  a  set  of  known  basis  functions  (expansion  functions)  with  unknown  complex  coefficients  are  in¬ 
troduced  according  which  the  surface  current  is  expanded.  With  a  second  set  of  known  testing  functions 
(weighting  functions)  both  sides  of  the  equations  are  multiplied  and  then  integrated  over  the  region  of 
the  structure.  These  steps  result  in  a  linear  system  of  equations  for  the  unknown  coefficients  of  the  ba¬ 
sis  functions.  The  right-hand  side  contains  the  known  incident  field  depending  from  aspect  angle  and  pola¬ 
rization.  The  matrix  of  the  system  of  equations,  frequently  denoted  as  impedance  matrix,  depends  only  from 
the  frequency  and  from  the  geometry  of  the  structure. 

The  computer  effort  of  the  integral  equation  method  is  due  to  the  calculation  of  the  matrix  elements 
and  to  the  matrix  inversion.  The  calculation  of  the  matrix  elements  requires  in  general  two  integrations, 
one  for  the  evaluation  of  the  original  surface  integral  over  the  basis  functions,  the  other  for  the  con¬ 
struction  of  the  moments  with  the  testing  functions.  Both  integrals  in  general  must  be  evaluated  numeri¬ 
cally.  Very  often  the  testing  functions  were  chosen  to  be  Dirac  functions.  In  this  case  the  value  of  the 
second  integral  is  represented  by  the  integrand  itself  and  one  speaks  from  the  point-matching  method.  The 
method  of  Galerkin  is  characteri zed  by  testing  functions  which  are  identical  with  the  basis  functions. 

An  important  feature  of  the  integral  equation  approach  consists  in  the  fact,  that  besides  the  modeling 
of  the  structure  no  more  geometric  problems  must  be  solved  if  the  direction  of  the  incident  wave  varies. 
This  is  due  to  the  magnitude  R  in  the  field  equations  which  represents  the  geometric  distance  between  the 
integration  point  and  the  observer  point  on  the  surface.  This  is  also  true  if  there  exists  some  part  of  the 
structure  between  these  points. 


If  the  matrix  of  the  system  of  equations  is  inverted  directly  the  surface  currents  can  be  calculated 
for  each  aspect  angle  and  polarization  of  the  incident  wave  by  merely  multiplying  the  right-hand  column  vec¬ 
tor  with  the  inverse.  This  solution  method  should,  therefore,  be  preferred  if  for  only  a  few  frequencies 
a  lot  of  changes  of  the  incident  field  are  foreseen. 


If  the  surface  current  is  known  a  further  integration  has  to  be  carried  out  ir  order  to  compute  the 
scattered  far-field,  from  which  the  scattering  matrix  T  and  the  polarization  dependent  radar  cross-sec¬ 
tions  may  be  derived.  The  expressions  for  the  far-field  are  given  by: 
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The  far-field  geometry  is  represented  in  Fig.  3.2. 


The  components  of  the  backscattered  field  can  be  related  to  the  components  of  the  incident  field  by  a 
scattering  matrix  [T]  in  the  following  manner: 
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For  this  representation  it  has  been  assumed  that  the  z-axis  of  a  cartesian  coordinate  system  with  ori¬ 
gin  in  the  neighbourhood  of  the  object  is  directed  towards  the  radar  observer.  The  elements  t..  of  the 
scattering  matrix  are  given  by  J 

(3.6)  t .  .  =  /4-1  r2  ,  r  -  ■»  ,  i  =  x,y,  j  =  x,y  . 
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The  polarization  depend  cross-sections  then  are  given  by 


An  analytical  evaluation  of  the  scattering  matrix  is  not  possible  in  general.  Since  the  integral  equa¬ 
tion  method  determines  the  current  distribution  at  the  surface  of  the  structure  a  3-D  model  of  only  the 
surface  is  required.  There  are  two  principal  ways  to  establish  surface  models.  One  way  consists  in  modeling 
a  solid  surface  body  with  a  grid  of  wires,  the  so-called  wire-grid  model.  The  other  common  approach  breaks 
the  surface  up  into  patches  or  cells  each  having  a  continuous  metallic  surface.  Both  models  are  discussed 
in  the  following  two  sections  in  more  detail. 

3.2  WIRE -GRID  MODEL 

In  the  field  of  antennas  there  are  a  variety  of  structures  which  consist  of  wires  like  a  corner  re¬ 
flector  antenna,  see  Fig.  3.3  or  a  Yagi-Uda-antenna,  see  Fig.  3.4.  For  both  antennas  the  wire  technique  is 
used  to  generate  specific  antenna  characteristics. 


Fig.  3.3  Corner  reflector  antenna.  Fig.  3.4  Yagi-Uda  array.  Fig.  3.5  Radar  antenna  reflector. 


Wire-grid  meshes  also  find  many  uses  in  applications  where  the  effect  of  a  solid  conducting  surface 
is  required  but  the  weight  and/or  wind  resistance  of  the  latter  must  be  avoided.  They  may  be  used,  for 
example,  to  fabricate  radar  antenna  reflectors,  see  Fig.  3.5,  and  as  shields  to  screen  sensitive  equip¬ 
ment  from  stray  fields  [8], 

If  any  of  the  three  structures  would  be  modeled  by  a  wire-grid,  the  model  would  perfectly  agree  with 
the  original  structure.  The  substitution  of  an  arbitrary  solid  surface  by  a  wire-grid  model  depends  upon 
the  fact,  that  as  the  mesh  size  becomes  smaller  relative  to  the  shortest  wavelength  of  concern,  the  mesn 
supports  a  surface  current  distribution  which  approaches  that  on  the  continuous  surface.  The  current  is 
only  an  approximation  to  the  actual  current,  however,  and  as  such  it  can  be  expected  to  reasonably  pre¬ 
dict  the  far-fields  but  possibly  not  the  near-fields.  This  is  due  to  the  fact  that  the  grid  supports  an 
evanescent  reactive  field  on  both  sides  of  its  surface.  An  actual  continuous  surface  is  not  capable  of 
supporting  such  a  field  [18]. 


If  thin  (compared  to  the  wavelength)  wires  are  chosen  to  construct  a  wire-grid  the  current  essentially 
has  only  an  axial  component.  In  this  case  the  EFIE  simplifies  considerably.  The  MFIE,  however,  will  fail  in 
the  thin-wire  approximation.  The  thin-wire  EFIE  is  given  by 
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where  s  is  the  unit  tangent  vector  of  the  wire  at  the  observer  point  and  s'  is  the  unit  tangent  vector  of 

the  wire  at  the  integration  point.  Fig.  3.6  shows  two  wires  i  and  j  from  a  wire-grid  for  which  the  inter¬ 
action  after  discretization  of  Eq.  (3.8)  is  computed,  j  is  the  wire  with  the  integration  point  and  i  the 

wire  with  the  observer  point.  For  more  details,  see  [14], 


[10!  was  apparently  the  first  report  on  the  application  of  the  thin-wire  EFIE  to  the  analyses  of  wire- 
grid  models  for  circular  disks  and  spheres.  Satisfactory  agreement  was  demonstrated  between  the  wire-grid 
results  and  independent  analytical  or  experimental  back-scatter  cross-section  data  presented  as  a  function 
of  frequency. 


Since  the  number  of  the  unknown  of  the  linear  system  of  equations  is  identical  with  the  number  of  wire 
segments  an  estimation  of  the  minimum  mesh  width  is  of  great  interest.  This  is  primarily  dependent  on 
the  choice  of  basis  and  test  functions. 


A  good  estimation  of  the  mesh  width  is  obtained,  if  a  source  is  positioned  within  a  structure,  which 
is  modeled  by  a  wire-grid  with  variable  mesh  width.  The  field  in  the  exterior  of  the  structure,  which 
should  be  zero,  is  then  computed  in  dependence  on  the  mesh  width. 


Fig.  3.6  Geometric  situation  of  two  wires  i  and  j 
of  the  ensemble  of  N  wires. 


Fig.  3.7  Influence  of  the  mesh  width. 
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For  this  theoretical  experiment  a  cube  with  an  edge  length  of  0.4  A  has  been  chosen.  In  the  center  of 
the  cube  a  point  source  was  positioned.  The  diameter  of  the  wire  was  0.003  A,  so  that  the  thin-wire  appro¬ 
ximation  of  the  EFIE  holds.  The  basis  functions  are  chosen  to  be  pulses,  the  boundary  conditions  were 
satisfied  in  the  center  of  the  wire  (Dirac  functions  as  testing  functions). 

Fig.  3.7  shows  the  electric  field  in  the  exterior  in  dependence  from  the  mesh  width.  A  mesh  width  of 
0.057  A  corresponds  to  about  600  wire  segments.  One  can  assume,  that  a  mesh  width  of  about  0.1  A  ir.  mode¬ 
ling  a  structure  should  be  sufficient  for  far-field  computations.  This  means,  that  about  200  wire  segments 
are  necessary  to  model  a  surface  with  a  size  of  A  x  A.  Since  per  segment  only  one  current  coefficient  has 
to  be  determined  the  dimension  of  the  linear  system  of  equations  is  given  by 

(3.9a)  N  s,  200  F/A2  ,  F  =  surface  of  the  scatterer. 

Shorter  wire  segments,  0.05  A  or  less,  may  be  needed  in  modeling  critical  regions  of  a  structure. 

More  sophisticated  studies  show,  that  the  accuracy  with  which  a  wire-grid  model  simulates  an  actual 
surface  depends  on  the  computer  code  (i.e.,  expansion  and  weighting  functions)  used,  the  radius  of  the  wire 
segments  used,  as  well  as  the  grid  size.  For  example,  with  pulse  basis  functions  it  has  been  found  that  a 
grid  spacing  of  about  0.1  A  to  0.2  A  yields  good  results.  With  the  piecewise  sinusoidal  Galerkin  method, 
it  has  been  found  that  the  grid  size  should  not  exceed  A/4  and  that  a  suitable  wire  radius  is  a  =  w/25 
where  w  denotes  the  width  or  length  (whichever  is  greater)  of  the  apertures  [18).  A  grid  size  of  A/4  would 
lead  to  the  following  expression  for  the  dimension  of  the  linear  system  of  equations: 

(3.9b)  N  *  32  F/A2  . 


From  the  above  remarks  concerning  the  substitution  of  a  solid  surface  by  a  wire-grid  system  one  con¬ 
cludes  that  the  far-field  properties  of  the  structures  such  as  the  radar  cross-section  or  the  antenna  ra¬ 
diation  pattern  can  be  predicted  with  sufficient  accuracy.  This  is  demonstrated  at  hand  of  the  computed 
far-field  pattern  of  an  antenna  system  installed  on  a  helicopter  of  the  type  B0  105. 

Fig.  3.8  presents  the  details  of  the  actual  structure  with  the  position  of  the  two  i/4-monopoles  ope¬ 
rating  in  the  VHF-band.  Fig.  3.9  shows  the  wire-grid  model.  The  antenna  on  the  right-hand  side  of  the 
flight  direction  was  driven,  the  other  was  terminated.  The  in  flight-measurement  of  the  radiation  pattern 
ir  the  horizontal  plane  for  a  frequency  of  117.6  MHz  is  presented  in  Fig.  3.10  by  the  dashed  line.  The 
flight  direction  is  defined  by  .  =  0°. 

It  could  be  shown  that  the  immediate  neighbourhood  af  the  antennas,  that  is  the  shape  of  the  top  side 
and  the  drive  for  the  blades,  must  carefully  be  modeled  while  the  farer  parts  of  the  helicopter,  especial¬ 
ly  the  lower  part  could  be  approximated  only  roughly  or  even  completely  neglected.  The  actual  thickness  of 
the  shaft  of  the  drive  was  taken  into  account.  In  principle  a  monopole  array,  consisting  of  a  driven  and 
two  parasitic  excited  monopoles,  a  thin  and  thick  one,  over  a  finite  plane,  was  analyzed.  The  theoretical 
results  are  illustrated  in  Fig.  3.10  by  the  solid  line.  For  mo’-e  details  see  [121. 

Such  studies,  while  illustrating  the  applicability  of  wire-grid  meshes  as  models  for  solid  surfaces  in 
terms  of  their  far-field  electromagnetic  behavior  are  not  entirely  convincing  as  to  the  use  of  wire-grid 
models  to  determine  near-field  quantities  such  as  current  distributions  [81.  Preliminary  studies  in  this 
regard  to  compare  the  results  obtained  with  independent  theoretical  results  or  with  experimental  results 
are  not  yet  conclusive.  Such  comparisons  should  do  much  to  more  clearly  define  areas  of  applications  and 
limitations  of  wire-grid  models.  A  special  problem  seems  to  be  the  stability  of  numerical  results,  that  is 
the  i ndependence  on  the  solution  from  the  number  of  wires. 

This  is  demonstrated  at  hand  of  a  simple  dipole-antenna  of  length  0.45  A  and  diameter  of  0.014  '.  Fig. 
3.11  shows  the  input  admittance  (proportional  to  the  current  at  the  source  point)  which  is  a  near-field 
quantity  in  dependence  from  the  number  of  wires  which  are  used  to  model  this  dipole  [24],  The  upper  dia¬ 
gram  represents  the  real  part  (conductance),  the  lower  diagram  the  imaginary  part  ( susceptance )  for  two 
feeding  models.  The  dashed  line  is  based  on  a  voltage-source  model,  the  solid  line  on  a  fri 1 1 -current  mo¬ 
del.  One  realizes  that  the  conductance  for  both  source  models  tends  to  a  finite  value  in  dependence  from 
the  number  of  wires.  The  susceptance,  however,  does  not  reach  a  stable  value  in  both  cases.  This  behavior 
may  be  due  to  either  the  source  models  or  the  wire  approximation  of  the  dipole  or  to  the  specific  combina¬ 
tion  of  basis  and  testing  functions.  Further  studies  are  in  progress. 


Re(  Y  )/mS 


Fig.  3.9  wire-grid  mode!  of  the  helicopter. 


Fig.  3.10  Comparison  between  in  flight- 
measurements  (dashed  line)  and  results  of 
the  I  EM  (solid  line),  frequency  117.6  MHz. 


number  of  wire  segments  number  of  wire -segments 

: ad"'i *•  .!>■:>  f  >'  a  .  'hole  antenna  ;.n  ieppndrnce  from  the  number  of  wire-segments; 
a  tr.et  i .  •■.•-sour, e,  ---  .  !  t  age- sour;  o .  a)  conductance,  b)  susceptance. 


..■‘ace  ge !  b.-  patches  '  s  m  i  1  terra  t  i  >e  approach  for  the  model  ing  of  3-0  complex 
re:. .  !  •  •  -iiri,  jsc  ‘  smooth  sur’ aces.  Mostly  the  patches  are  chosen  to  be  flat  plates  (pane’s 
'.  i:  ,r  tii :  i  u-  .  In  principle  both  integral  equations  may  be  used.  Following  the 

tT  .'■■  f-e  ‘‘r!i  is  mom  •re;.nr*!,  ,.sed  than  the  f.FIt.  This  is  due  to  the  integrand  which  is  more 
i"  *he  .  -j-.r.  *  -'m  J£ .  >e  js»  •  pulse  functions  as  basis  functions  predominates . 


s.’-avn  •  *.re  s~oo»>  body  is  modeled  by  h*  surfaces  patches  with  individual  sizes  .'.F.  Fig.  3.12 

■  .v,  •  i  ,  where  ’wo  .ur’act-  pa t c r.e  .  and  p  are  cnosen  to  demonstrate  the  geometric  parameters 

:  ■  ■■'  tie  v.  -.••ft:  zed  •  r .  or  the  t'F  li  •  '-T 1  [ .  Patch  o  contains  the  integration  point,  patch  p  the 
tier, i"  ;  *  *  — .  !’■  r  w.'.r  »rt-  *.  the  wires  of  f>e  grid  model  two  current  components  have  to  be  determined 

■  :>’d,.r  *-i  i",  i  i be  the  .;••!•  t;on  of  ’he  sur  ’ace  current.  For  tn is  purpose  a  local  coordinate  system 

n ,  n  ,  .  fj  i  is  i  r.t  r.o.i^f  ed  ror  e.ii.h  uanel. 


’he  ex per  no, re  shows  fnat  fur-field  problems  will  be  solved  with  Sufficient  accuracy  if  one  models  a 
surface  of  one  square  wavelengths  by  at  least  .hi  to  30  patches.  This  means  that  the  edge  length  of  a  Sur¬ 
face  patch  should  have  an  amount  of  less  than  about  F/5  ’maximum  size  of  about  0.94  square  wavelengths), 
[his  estimation  is  based  on  pulse  functions  as  basis  functions  and  Dirac-fum  t ions  as  testing  functions, 
’rm  desert. inn  'number  of  'implex  unknowns!  of  the  linear  cxstem  of  equations  to  be  solved  i$  determined 
i  f  ,  ’  '  .ws  i  nil  h  size  of  .i  f ,  <  o  j  r  re.ulf  in  patuhes  f.e  one  \;ua'‘e  wove!  nog  t  h  of  The  scatterer’s 
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surface.  For  each  patch  2  complex  current  coefficients  have  to  be  determined.  Therefore,  the  dimension  of 
the  complex  linear  system  of  equations  can  be  estimated  by 

(3.10)  N  =  2N*  *  50  F/X2  . 

An  estimation  of  the  computer  time  t  for  matrix  inversion  in  dependence  on  the  surface  area  F  of  a 
general  3-D  structure  is  presented  in  Table  3.1.  In  the  second  column  of  the  table  the  edge  length  a/X  of 
an  equivalent  cube  as  a  representative  for  a  general  3-D  structure  is  given  and  in  the  third  column  the 
number  N  of  the  complex  unknowns  which  have  to  be  determined  are  listed.  It  is  assumed  that  an  economic 
programming  under  introducing  of  block  structures  has  been  achieved.  From  this  table  one  can  realize  that 
the  limit  of  application  of  the  integral  equation  method  with  respect  to  the  structure's  dimensions  is 
drawn  by  the  required  computer  effort. 


i 


F/X2 

a/X 

N 

t/S 

10 

1,29 

500 

<  50 

20 

1,82 

1000 

50 

30 

2,23 

1500 

180 

40 

2,58 

2000 

350 

50 

2,89 

2500 

700 

60 

3,16 

3000 

1200 

Table  3.1 

Matrix  inversion  time  (computer  Cray-1)  in  dependence 
on  the  surface  area  F  of  a  general  3-D  structure. 


The  figure  N  is  in  the  same  order  of  magnitude  as  it  is  in  the  wire-grid  model.  In  the  case  of  near¬ 
field  considerations  much  finer  modeling  has  to  be  chosen.  Since  the  surface  patch  model  in  principle 
should  be  suited  to  compute  near-field  quantities  one  has  applied  the  surface  patch  model  for  the  calcula¬ 
tion  of  the  lines  of  constant  phases  in  the  extreme  near-field  of  an  airplane  (type  Do  228).  For  the  so¬ 
lution  of  this  problem  the  MFIE  was  chosen  with  pulse  functions  as  basis  functions  and  Di rac-functi ons 
as  testing  functions.  Fig.  3.13  shows  a  surface  patch  model  of  280  patches  for  half  of  the  airplane.  The 
patches  are  quadrangles  and  triangles. 

The  lines  of  constant  phases,  represented  in  Fig.  3.14,  are  calculated  for  a  wavelength  of  X  =  6.0Zn 
and  a  distance  of  X/30  from  the  upper  part  of  the  fuselage.  The  plane  wave  is  incident  towards  the  nose  of 
the  airplane  under  an  elevation  angle  of  30°  over  the  horizontal  plane.  The  polarization  vector  is  verti¬ 
cal  to  this  plane.  The  increment  between  the  lines  of  constant  phases  has  an  amount  of  10°. 


i 


I 


Fig.  3.13 

Surface  patch  model  of  an  airplane 
(type  Do  228). 


i 


Fig.  3.14 

Lines  of  constant  phtses  in  the  near¬ 
field  of  an  airplane. 


Since  direct  experimental  validations  require  a  high  effort  the  method  wes  verified  at  hand  of  a  cube 
with  edge  length  a  =  X.  One  side  of  the  cube  was  subdivided  in  5  x  5  quadratic  panels  for  measurement  pur¬ 
poses,  see  Fig.  3.15.  In  the  middle  of  each  panel  a  hole  was  bored  by  which  probes  for  the  surface  fields 
could  be  positioned  from  the  interior  of  the  cube.  For  computational  purposes  the  number  of  the  panels  was 
varied  until  a  stable  result  was  attained. 

The  comparison  between  measurement  (circle)  and  theory  (solid  line)  is  drawn  in  Fig.  3.16.  Fig.  3.16a 
represents  the  amplitude  and  Fig.  3.16b  the  phase  of  the  surface  current  on  the  front  of  the  cube. 


The  component  of  the  current  distribution  is  chosen  to  be  parallel  to  tne  vector  of  the  fieio  inci 
dent  vertically  on  the  front.  Amplitudes  and  phases  are  relative  values.  Parameter  of  the  curves  is  the 
row  of  holes  defined  by  the  normalized  z-coordinate. 


4.  MODELS  USED  IN  THE  PHYSICAL  OPTICS  APPROACH 


4.1  REMARKS  TO  THE  ELECTRODYNAMIC  THEORY 

The  physical  optics  (PO)  method  is  based  on  the  diffraction  theory  of  Kirchhoff,  who  described  the 
diffraction  phenomena  of  light  (scalar  problem)  by  approximating  the  boundary  conditions  at  the  surface  of 
the  scatterer  with  the  aid  of  optics  principles.  The  idea  of  Kirchhoff  has  been  extended  to  the  electro¬ 
dynamic  vectorial  problem  for  perfectly  conducting  bodies  [3,  4,  11).  The  application  and  extension  of  the 
PO-method  for  rn-pi icated  structures  including  nonperfect  conductivity  and  double  reflections  is  reported 
in  the  references  [5  -  7,  15). 

If  the  scatterer  is  perfectly  conducting  the  following  boundary  conditions  according  the  idea  of  Kirch¬ 
hoff  are  val’d  for  the  shadow  region  of  the  structure: 

(4.1)  n  *  t  =  0  , 

(4.2)  n  «  fi  =  0  , 

while  for  the  illuminated  reqion  the  boundary  conditions  are  given  by 

(4.3)  n  »  t  =  0  , 

(4.4)  n  »  3  =  n  *  ft  +  nr(5  =  2n  »  iT  , 

'  '  e  r  e 

where  fir  is  the  vector  of  the  reflected  magnetic  field. 

The  boundary  conditions  for  the  electric  field  are  exact,  while  the  boundary  conditions  for  the  magne¬ 
tic  fjeld  would  only  be  exact  if  the  scatterer  would  consist  of  an  infinitely  extended  plane,  where 
n»ffr=n»He  in  the  illuminated  region  and  n*H  =  0  in  the  shadow  region  holds.  However,  it  can  be  assumed  that 
the  above  given  boundary  conditions  would  approximate  very  well  the  actual  ones,  if  the  scatterer  is  mode¬ 
led  by  panels  which  are  large  compared  to  the  wavelength.  So  a  modeling  of  the  structure  by  flat  surface 
patches  (panels)  is  a  natural  consequence  of  the  formulation  of  the  boundary  conditions. 


From  Eq.  (4.4)  follows  that  the  surface  current  is  given  by 
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(4.5)  =  2n  x 


which,  therefore,  is  identical  to  the  first  term  on  the  right-hand  side  of  the  rigorous  integral  equation, 
see  Eq.  (3.2).  The  evaluation  of  the  far-field  integral,  Eq.  (3.3),  can  be  done  analytically  and  leads  to 
the  following  expression  for  the  backscattering  matrix  of  a  single  panel 


(4.6) 


jke 


-jkr 


7nr~ 


f  e2Jkz'  dx'  dy' 

■  1  0  ' 

J 

Fn 

0  1 

Tne  scattering  matrix  of  the  total  object  then  is  the  sum  of  the  scattering  matrices  of  the  individual 
panels.  If  a  panel  has  straight  edges  the  phase  integral  can  be  solved  analytically,  so  that  the  calcula¬ 
tion  of  the  scattered  field  requires  only  a  minor  computer  effort. 


If  the  scatterer  is  nonperfectly  conducting  one  cannot  formulate  any  exact  boundary  condition  in  the 
PO-sense.  In  the  shadow  region  the  boundary  conditions  again  are  approximated  by  Eqs.  (4.1)  and  (4.2) 
while  in  the  illuminated  region 


(4.7)  5  >  f  =  il  >  f  +  n»t  , 

e  r 

(4.8)  nxtf=nxft  +  n  x  ft 

e  r 


are  assumed,  t  is  the  vector  of  the  reflected  electric  field.  Again  these  boundary  conditions  would  be 
exact,  if  the  scatterer  could  be  represented  by  an  infinitely  extended  nonperfectly  conducting  plane.  Since 
the  reflected  field  can  be  calculated  from  the  incident  field  by  multiplication  with  the  reflection  co¬ 
efficients  of  Fresnel  the  scattered  field  again  can  be  evaluated  analytically  from  the  integral  representa¬ 
tion  for  the  far-field 


(4.9) 


Es(r)  -  JT 


-jkr 


(lr  x(er  x  Jp(r‘ ) )  +  /|  (?r  x  itF(r'))) 
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where  the  magnetic  surface  current  is  given  by 


(4.10)  2p  =  -n  x  f  . 


One  receives  for  the  scattering  matrix  of  a  single  panel 
-jkr  f 


(4.11)  [To] 
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nx,  ny,  nz  are  the  components  of  the  normal  unit  vector  of  the  panel.  Rh  resp.  Rj;  are  the  reflection 
coefficients  at  the  surface  of  a  multilayered  panel  for  the  case  that  the  incident  magnetic  field  resp. 
electric  field  is  directed  parallel  to  the  surface  of  the  panel,  see  Sec.  7.1  and  [9]. 


The  ansatz  of  PO  implies  that  the  current  distribution  will  be  constant  in  the  amplitude  over  the 
surface  of  a  panel  and  varies  proportional  to  the  phase  of  the  incident  field.  Since  this  result  differs 
from  the  result  of  more  rigorous  solutions  it  is  necessary  to  estimate  the  deviations.  For  this  purpose  a 
strip  with  a  width  of  a  =  X  is  considered,  the  edges  of  which  are  directed  along  the  z-axis,  which  is  verti¬ 
cal  to  the  plane  of  the  Fig.  4.1.  The  vector  of  the  incident  electric  field,  which  hits  the  strip  plane 
vertically  is  also  directed  along  the  z-axis,  that  is  parallel  to  the  edges  of  the  plane.  The  current  di¬ 
stribution  over  the  strip  computed  with  the  IE-method  [23]  is  represented  by  the  solid  line,  whereas  the 
constant  amplitude  of  the  PO-current  is  indicated  by  the  dashed  line. 


x/a 


Fig.  4.1 

Comparison  of  the  current  distributions  calculated 
by  the  IE-  and  the  PO-method. 


One  can  conclude  that  for  an  isolated  panel  the  magnitude  of  the  differences  between  the  IE-  and  P0- 
result  depends  on  the  distance  from  the  edge.  In  the  middle  of  the  panel  the  deviations  are  minimal  while 
in  approaching  the  edges  the  differences  increase  considerably.  With  increasing  panel  size  referred  to  the 
wave  length,  the  panel  area  in  which  edge  current  effects  play  a  role  are  much  smaller  than  the  remaining 
panel  area  where  the  PO-current  dominates.  Therefore,  the  PO-field  will  represent  the  actual  field  with 
increasing  accuracy  if  the  panel  size  increases.  If,  however,  a  structure  whose  dimensions  are  large  com¬ 
pared  to  the  wavelength  is  modeled  by  a  series  of  connected  panels,  the  size  of  the  panels  can  be  as  small 
as  the  admissible  deviation  between  true  and  modeled  surface,  see  Sec.  4.2. 


The  need  to  improve  the  PO-field  for  small  panels  gives  rise  to  the  development  of  an  edge  correction 
term.  The  evaluation  of  an  edge  correction  term  for  panels  with  perfectly  conducting  faces  is  based  on  the 
rigorous  solution  of  an  infinitely  extended  wedge.  This  solution,  however,  is  very  complex  so  that  an  asymp¬ 
totic  representation  (kr  >>  1)  of  the  result  is  preferred,  which  leads  to  analytical  expressions  for  the 
total  scattered  field  consisting  of  the  PO-field  and  an  edge  diffracted  field.  Since  a  correction  term  is 
required  the  PO-field  in  its  asymptotic  form  must  be  removed  from  the  total  scattered  field.  Following  this 
idea  which  is  the  basis  of  the  physical  theory  of  diffraction  (PTD),  one  receives  the  backscattering  matrix 
for  the  edge  of  a  perfectly  conducting  wedge  as  follows  [16,  17]: 


(4.12)  [T3]  = 


sin(kL  cos8)  e^^Mz 


D  t!  t  D  t!  -  D  tt 
ex  my  em  x  y 


(D  -D  )  t  t  -  0  t2 
v  e  m'  x  y  em  y 


(D  -D  )  t  t  +  D  t2 
1  e  m'  x  y  em  x 


D  t2  +  D  t2  +  D  tt 
m  x  e  y  em  x  y 


with  L  =  length  of  the  edge,  rMz  =  z-coordinate  of  the  edge  mid-point,  tx,ty,t7  =  components  of  the  unit 
tangent  vector  of  the  edge,  6  =  angle  between  the  direction  of  incidence  ana  trie  edge. 


The  coefficients  De,  D^,,  Dem  (6,ip,n)  describe  the  difference  between  the  asymptotic  rigorous  solution 
and  the  asymptotic  PO-solution  and  depend  besides  6  from  the  outer  wedge  angle  mi  and  the  angle  between 
the  plane  of  incidence  and  a  face  of  the  wedge,  see  Sec.  7.2.  It  is  emphasized  that  the  rigorous  asymptotic 
solution  is  carried  out  for  an  infinite  long  wedge,  while  actually  the  results  for  a  finite  edge  length 
are  needed.  That  is  corner  effects  are  not  taken  into  account.  This  can  cause  the  unsymmetry  of  the  above 
given  matrix.  However,  the  effects  of  an  edge  with  finite  length  is  comparable  to  the  basis  idea  of  PO 
which  uses  a  reflection  coefficient  of  an  infinite  plane  to  estimate  the  effects  of  a  finite  panel.  A  si¬ 
milar  solution  for  nonperfectly  conducting  wedges  is  missing  at  this  time. 


The  matrixes  [Til,  [ T2 1  and  [T3]  represent  the  most  important  analytical  tool  of  the  PO.  The  illumi¬ 
nated  elements  of  the  surface  patch  mode!  can  be  classified  as  follows:  perfectly  conducting  panels,  non¬ 
perfectly  conducting  panels,  perfectly  conducting  doubly  reflecting  panels,  nonperfectly  conducting  doubly 
reflecting  panels,  perfectly  conducting  edges.  The  doubly  reflecting  panels  can  be  treated  like  the  direct¬ 
ly  reflecting  panels  using  the  method  discussed  in  Sec.  4.4.  Their  polarization  characteristics  can  be  des¬ 
cribed  by  a  further  scattering  matrix  [T4]  which  is  not  represented  here,  but  can  be  evaluated  from  the  po¬ 
larization  vector  given  in  [71.  An  independent  summation  of  all  matrixes  [T,],  [Tg],  [T3]  and  [T41  car,  be 
achieved.  The  sum  of  the  individual  summations  then  represents  the  scattering  matrix  of  the  total  object. 


The  ^valuation  of  the  matrix  elements  and  the  summation  of  the  matrices  can  be  done  in  a  very  econo¬ 
mic  way.  Thus  the  computer  effort  for  the  electrodynamic  calculations  (about  0.01  s  per  panel  and  aspect 
angle)  is  much  less  than  that  of  the  iE-method.  Another  important  difference  concerns  the  size  of  the  pa¬ 
nels.  The  IE-method  requires  panel  dimensions  in  the  order  of  A/5  even  if  a  cube  is  modeled  for  example. 
The  panels  of  the  PO-method  may  be  as  large  as  the  actual  surface  can  be  modeled  with  sufficient  accuracy, 
see  the  following  section.  The  cube,  therefore,  can  be  modeled  accurately  with  only  6  panels.  This  fact  is 
also  suited  to  reduce  the  computer  time  considerably.  However,  in  contrary  to  the  IE-method  the  geometric 
problems  are  not  at  all  solved  with  the  creation  of  a  surface  model.  According  the  geometric  optics  idea 
a  decision  must  be  made  whether  a  panel  is  illuminated,  partially  illuminated  or  hidden.  The  same  is  true 
for  all  edges.  This  decision  must  be  made  whenever  the  observer  point  changes.  A  similar  geometric  problem 
is  connected  with  double  and  multiple  reflections.  It  can  be  concluded  that  the  ray-tracing  problem  inhe¬ 
rent  to  the  GTD,  becomes  also  relevant  with  a  PO-method  of  increasing  complexity. 


While  the  principle  of  PO  is  known  since  a  long  time  only  a  limited  experience  exists  in  applying  the 
method  for  complex  structures.  This  requires  an  extensive  comparison  of  the  theoretical  results  with  ex¬ 
perimental  results  which  has  be  done  with  good  success  for  a  variety  of  metallic  objects  [5  -  7,  15].  An 
estimation  of  the  edge  diffraction  theory  will  be  available  in  short.  Tests  to  compare  theory  and  experi¬ 
ment  for  nonperfectly  conducting  bodies  are  in  progress  [16,  17]. 


4.2  SIZE  OF  THE  PANELS 


In  modeling  a  structure  by  panels  the  question  arises  according  to  which  criterium  the  size  of  the  pa 
nels  has  to  be  determined.  On  the  one  hand  one  would  like  to  choose  the  panel  size  as  large  as  possible  in 
order  to  safe  computer  time.  On  the  other  hand  the  admissible  deviation  between  the  true  surface  and  the 
model  surface  is  subject  to  the  required  accuracy  of  the  electromagnetic  magnitudes.  A  series  of  tests  has 
shown  that  the  deviation  between  the  true  surface  and  the  model  surface  should  not  exceed  a  value  of  about 


(4.13)  A  »  A/16  ,  see  Fig.  4.2. 

This  criterium  is  well  known  from  antenna  measuring  technique.  If  the  admissible  phase  error  over  the 
aperture  with  diameter  D  of  the  antenna  under  test  is  assumed  to  be  22.5°  (A/16),  then  the  far-field  di¬ 
stance  R  must  be  chosen  in  such  a  way  that  R  >  2D2/A.  The  true  far-field  pattern  for  the  distance  R  -»  » 
then  will  differ  only  in  a  negligible  amount  from  the  measured  one. 


In  order  to  estimate  the  errors  which  are  generated  by  the  differences  between  an  actual  surface  and  a 
panel  model  of  it  the  following  test  was  arranged.  The  test  object  consists  of  a  cone,  a  cylinder  and  a 
half-sphere  and  is  manufactured  twice:  one  configuration  with  smooth  surfaces  and  the  other  by  modeling 
the  smooth  surfaces  by  panels,  see  Fig.  4.3. 
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Fig.  4.2  Admissible  deviation  between  the  true  and  Fig.  4.3  Test  object  modeled  by  panels. 

the  modeled  surface:  =  A/16. 

max 

The  geometric  differences  between  these  two  objects  do  not  exceed  a  value  of  A/16.  For  both  objects 
the  radar  cross-section  has  been  determined  by  experiment.  The  results  are  shown  in  Fig.  4.4a  for  the 
smooth  object  and  in  Fig.  4.4b  for  the  paneled  object.  At  an  aspect  angle  of  90°  the  object  is  seen  from 
broadside,  at  180°  the  half-sphere  is  seen. 


Fig.  4.4  Comparison  of  the  measured  radar  cross-section  for  a  smooth  and  a  paneled  object,  a)  smooth  object, 
b)  paneled  object.  Length:  2450  mm,  diameter:  440  mm,  frequency:  15.5  GHz,  polarization:  hh. 

significant  differences  only  occur  at  aspect  angles  near  180°  where  the  half-sphere  becomes  visible. 

The  radar  cross-section  level  in  this  region,  however,  has  a  level  of  only  -16  dB  (=  0.025  m2)  compared  to 
the  peak  level  of  about  8.5  dB  (=  7  m2).  Under  •"'•xrtical  viewpoints  this  difference  can  be  ignored.  If, 
however,  one  is  interested  in  higher  accuracies  the  panel  model  has  to  be  refined. 

4.3  HIDDEN  SURFACE  PROCEDURE 


In  contrary  to  the  models  of  the  rigorous  methods.  Sec.  3  and  Sec.  5,  the  surface  model  of  the  PO-me- 
thod  is  not  invariant  against  the  position  of  the  observer  point.  According  the  optics  basis  idea  of  P0 
for  each  point  of  observation  an  elimination  of  the  hidden  panels  must  be  done.  If  panels  are  partially 
hidden  they  must  be  broken  into  new  panels,  some  of  which  again  are  completely  hidden.  The  hidden  surface 
procedure  113]  consists  of  several  steps  which  are  explained  at  hand  of  the  following  series  of  figures. 
Fig.  4.5  shows  the  original  situation:  a  rectangular  box  modeled  by  rectangular  panels  with  a  triangle  in 
front  of  it.  Fig.  4.6  shows  the  situation  after  removal  of  all  surfaces  with  normal  vectors  including  more 
than  90°  with  the  observer  direction. 


Fig .  4.5 

Original  situation: 
box  and  triangle  in 
front  of  it. 


Fig.  4.6 

Removal  of  those  surfaces, 
whose  unit  normal  vector  has 
no  component  in  the  direction 
of  the  point  of  observation. 


The  next  step  consists  in  a  comparison  of  the  remaining  panels  two  by  two.  For  each  pair  the  upper  one 

i.e.  the  one  closest  to  the  observer  has  to  be  found.  For  this  purpose  the  edges  of  the  respective  two  pa¬ 

nels  are  projected  in  the  xy-plane.  The  intersection  points  of  the  projected  edges  are  determined.  For  each 
original  edge  then  the  spatial  points  belonging  to  the  two-dimensional  intersection  points  are  calculated. 
From  the  differences  in  tfle  z-values  of  the  spatial  points  the  upper  panel  can  be  determined.  In  principle 
it  is  sufficient  to  compare  the  differences  in  the  z-coordinate  of  one  intersection  point.  In  Fig.  4.7 

the  discussed  procedure  is  illustrated  at  hand  of  the  triangle  and  the  front-face  of  the  box. 


If  no  intersection  points  can 
lies  in  the  interior  of  the  other. 


be  found  the  following  two  situations  may  occur:  one  projected  panel 
see  Fig.  4.8,  or  both  panels  are  wholly  apart,  see  Fig.  4.9. 


Fig.  4.8 
No  intersection 
point:  panel  2  lies 
in  the  interior 
of  panel  1. 


Fig.  4.9 

No  intersection  point: 
the  panels  don't  hide  each 
other. 


For  the  decision  which  situation  is  in  question  each  corner  point  P  of  the  second  panel  is  inserted 
in  the  equations  (x  =  xpg  +  *xp2  +  i.xpq )  for  two  identical  planes  which  are  generated  by  the  vectors  of 
the  adjacent  edges  of  panel  1.  This  is  illustrated  by  Fig.  4.10.  If  all  of  the  parameters  of  the  plane 
equations  have  positive  values  the  edge  point  P  and  therewith  the  total  projected  panel  2  lies  in  the 
interior  of  the  projected  panel  1.  Again  from  the  difference  of  the  z-cuordinates  of  the  projected  corner 
points  one  can  decide  which  of  the  panels  is  the  upper  one. 


Fig.  4.10 

Test  if  a  corner  point  P  of  panel  2  is 
in  the  interior  of  pjnel  1. 

a)  plane  defined  by  x,0,  x,  x.. 

b)  plane  defined  by  x^q,  x^,  x^j 


The  last  step  consists  in  breaking 
sible  and  those  which  are  hidden  by  the 


up  the  visible  part  of  the  lower  panel  in  new  panels  which  are  vi- 
upper  panel.  This  is  illustrated  by  Fig.  4.11. 


upper  panel 


Fig.  4,11 

Splitting  up  of  the  lower  panel  into  new  panels. 


Fig.  4.12  shows  the  original  box  with  the  triangle  in  front  of  it  after  the  discussed  method  has  been 
applied  to  all  panels.  Fig.  4.13  just  shows  the  remaining  visible  panels  of  the  box. 


Fig.  4.12 
Box  and  triangle 
after  appl icatfon 
of  the  hidden  sur¬ 
face  method. 


Fig.  4.13 

Remaining  panels  of  the 
box. 


Since  all  the  panels  of  a  structure  must  be  compared  two  by  two  for  each  angle  of  observation  one 


tries  to  minimize  the  number  of  comparisons  by  a  pre-processing  of  the  panel  data.  One  efficient  method 
is  based  on  the  construction  of  a  minimum  rectangle  in  the  projection  plane.  This  is  illustrated  at  hand 
of  Fig.  4. 14. 


Fig.  4.14 

Construction  of  minimum  rectangles. 


A  grid  is  generated  which  is  parallel  to  the  axis  of  the  xy-plane.  For  each  panel  the  minimum  rectang¬ 
le  which  also  is  parallel  to  the  axis  is  determined  and  all  the  elements  of  the  grid  which  completely  or 
partially  are  hidden  by  the  minimum  rectangles  are  computed  and  associated  to  the  individual  panels.  Only 
those  panels  of  the  structure  must  be  compared  which  are  associated  to  the  same  grid  element. 

4.4  DOUBLY  REFLECTING  PANELS 

Double  reflection  between  two  panels  A  and  B  occurs,  see  Fig.  4.15,  if 

1.  both  panels  are  visible  from  the  radar  transmitter/receiver, 

2.  the  unit  normal  vectors  n  and  n,  of  the  panels  are  vertical  to  each  other,  which  is  expressed  by  the 

formula  a  D 

(4.14)  arccos(n'a  •  nfc)  =  ^  t  ■  , 
and 

3.  the  line  of  intersection  of  the  panel  planes  is  vertical  to  the  z  axis: 

(4.15)  arccos((na  >•  nfc)  •  e\j  =  ?  •  •  . 


Fig.  4.15  Geometry  for  double  reflection.  Fig.  4.16  Determination  of  the  illuminated  subarea. 

For  double  reflections  in  the  GO  sense  the  angle  f  is  set  to  zero.  ‘  takes  into  account  that  the  PO 
field  of  panel  B  propagates  not  only  in  the  GO  direction.  A  search  procedure  has  been  developed  which  spe¬ 
cifies  all  those  panels  of  the  structure  which  meet  the  above  conditions.  The  appropriate  value  of  the 
angle  is  the  subject  of  current  investigations. 

Fig.  4.16  shows  two  doubly  reflecting  panels  A  and  B  where  only  a  subarea  of  panel  B  is  illuminated  by 
the  reflected  rays  emanating  from  panel  A.  The  subarea  of  panel  B  is  constructed  by  a  further  application 
of  the  previous  explained  hidden  surface  procedure,  where  the  observation  direction  now  is  coincident  with 
the  direction  of  the  reflections  from  panel  A.  The  part  of  panel  B  which  is  shadowed  by  panel  A  is  the 
desired  subarea. 

The  backscattering  matrix  of  each  panel  is  described  directly  by  Eq.  (4.11).  Additionally,  each  panel 
generates  a  reflected  field  at  the  surface  of  the  other  panel,  which  is  scattered  toward  the  receiver.  This 
means  that  two  doubly  reflecting  panels  produce  two  backscattered  fields  and  two  field  contributions  due  to 
double  reflections.  In  Fig.  4.15  only  the  path  from  the  transmitter  via  panel  A  and  B  back  to  the  receiver 
is  illustrated.  The  construction  of  the  backscattered  field  is  outlined  as  follows. 

The  field  incident  from  the  transmitter  at  panel  A  has  to  be  decomposed  into  components  parallel  and 
vertical  to  the  plane  of  incidence  and  multiplied  with  the  appropriate  reflection  coefficients.  From  these 
components  the  reflected  field  of  panel  A  and  therewith  the  incident  field  at  panel  B  is  constructed,  ta¬ 
king  into  account  the  appropriate  path  length.  The  same  procedure  is  repeated  at  panel  B  to  receive  the 
reflected  GO-field.  From  the  incident  and  the  reflected  field  the  total  field  at  the  surface  of  panel  B  can 


be  constructed  and  Eq.  (4.9)  can  be  applied  to  compute  the  scattered  field  and  therewith  the  scattering 
matrix  for  the  direction  of  the  receiver. 

For  double  reflection  the  phase  integral  in  Eq.  (4.9)  can  be  treated  in  the  same  manner  as  in  the  ca¬ 
se  of  a  single  panel  by  introducing  the  so-called  virtual  panels.  A  virtual  panel  is  constructed  in  such 
a  way  that  the  path  length  transmitter  ■*  doubly  reflecting  panels  -*■  receiver  is  the  same  as  the  path  length 
transmitter  •*  virtual  panel  ■*  receiver.  In  Fig.  4.15  the  construction  of  the  virtual  panel  A'  is  illustra¬ 
ted. 


The  theory  has  been  tested  at  hand  of  a  cube  with  additional  surfaces  which  give  rise  to  shadowing 
and  double  reflection  effects,  see  Fig.  4.17.  The  comparison  between  theoretical  and  experimental  results 
for  the  radar  cross-section  at  a  frequency  of  16.66  GHz  (A  =  18  mm)  is  presented  in  Fig.  4.18  for  vertical 
polarization  and  for  aspect  angles  ranging  from  -45°  to  135°.  Within  this  range  the  interference  of  the  two 
doubly  reflecting  parts  of  the  structure  takes  place. 

Comparing  the  measured  with  the  computed  results,  one  observes  a  rather  good  agreement  down  to  levels 
of  about  -30  dB.  The  peaks  at  0°  and  90°  are  due  to  the  GO  reflections,  the  peaks  between  arise  from  the 
interference  of  the  P0  fields  from  the  two  doubly  reflecting  areas.  The  theoretical  and  experimental  deter¬ 
mined  number  of  these  peaks  agree  well. 


Fig.  4.17 

Cube  with  additional  shadowing 
surfaces,  dimensions  in  mm. 


Fig.  4.18 

Radar  cross-section  of  a  cube  with  additional 
shadowing  surfaces. 

a)  theoretical  results, 

b)  experimental  results. 
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5.  MODELS  USED  FOR  THE  TIME-DEPENDENT  SOLUTION  OF  MAXWELL'S  EQUATIONS 


In  the  following  two  rather  new  methods  are  discussed  which  solve  Maxwell's  time-dependent  curl  equa¬ 
tions  numerically.  These  methods  seem  to  be  useful  for  studying  propagation  of  an  electromagnetic  wave  in¬ 
to  a  volume  of  space  containing  an  arbi trary-shaped  dielectric  or  conducting  body.  By  time-stepping  or  re¬ 
peatedly  implementing  a  finite-difference  analog  of  the  curl  equations  at  each  cell  of  the  corresponding 
space  lattice,  the  incident  wave  is  tracked  as  it  first  propagates  to  the  structure  and  then  interacts  with 
it  via  penetration  and  diffraction.  Wave  tracking  is  completed  when  the  desired  late-time  or  sinusoidal 
steady-state  behavior  is  observed  at  each  lattice  cell.  In  contrary  to  the  IE-  or  PO-method  not  only  the 
surface  of  the  scatterer  but  also  the  surrounding  volume  must  be  modeled. 


A  basic  problem  with  any  finite  difference  solution  of  Maxwell's  equations  is  the  treatment  of  the 
field  vector  components  at  the  lattice  truncation.  Because  of  limited  computer  storage,  the  lattice  must 
terminate  close  to  the  scatterer.  Proper  truncaction  of  the  lattice  requires  that  any  outgoing  wave  dis¬ 
appears  at  the  lattice  boundary  without  reflections  during  the  continuous  time  stepping  of  the  algorithm 

In  the  first  reported  method  (19  -  2 1 j  Maxwell's  equations 


(5.1) 

at 

at  ' 

i  V  : 
£ 

(5.2) 

afi 
at  " 

_  1  , 
V 

are  solved  directly 

The  scatterer  is  enclosed  in  a  rectangular  volume,  see  Fig.  5.1.  The  various  details  of  the  structure 
are  modeled  with  a  measuring  resolution  of  one  unit  cell.  Time-stepping  is  accomplished  by  an  explicit  fi- 
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nite-difference  procedure.  For  a  Cartesian  cubic-cell  space  lattice,  this  procedure  involves  positioning 
the  components  of  t  and  H  about  a  unit  cell  of  the  lattice  as  shown  in  Fig.  5.1  and  evaluating  £  and  fi  at 
alternate  half-time  steps  [22],  In  this  manner,  centered  difference  expressions  can  be  used  for  both  the 
space  and  time  derivatives  to  attain  sect  order  accuracy  in  the  space  and  time  increments.  This  leads 
to  a  system  of  6  finite-difference  equations. 


For  example  [191,  the  x-component  of  Eq.  (5.2),  written  as 
3H  ,  3E  3E 
1  3t  u  hz  3 y  1 


is  implemented  as  the  following  time-stepping  relation  for  : 


(5.4) 


H"+1/2  ( i > j  +  1/2,  k  +  1/2)  =  H^~1/2  (i,j  +  1/2,  k  +  1/2)  + 


x  (Ey(i , j+l/2,k+l)  -  Ey( i , j+1/2, k)  +  E"( i , j , k+1/2 )  -  E" ( i , j+1 , k+1/2 ) ) . 

The  space-time  functional  notation  Fn(  i ,  j  ,k)=F(  i-5,  j  *  ,k/,n5t )  is  used,  where  i  =  fx  =  *y  -  Jz  is  the 
space  increment,  ft  is  the  time  increment,  and  i,j,k  and  n  are  integers. 


Fig.  5.1 

Geometry  of  a  scatterer  and 
lattice  arrangement  (b),  Posi¬ 
tions  of  the  field  components 
about  a  unit  cell  (a)  [19] . 


with  the  system  of  finite-difference  equations  the  new  value  of  a  field  vector  component  at  any  lat¬ 
tice  point  depends  only  on  its  previous  value  and  on  the  previous  values  of  the  components  of  the  other 
field  vector  at  adjacent  points.  Therefore,  at  any  given  time  step  the  computation  of  a  field  vector  may 
proceed  one  point  at  a  time. 

The  second  time-domain  approach  |2|  to  be  discussed  is  based  on  an  integral  form  of  Maxwell's  equa¬ 
tions.  Integration  of  Eq.  (5.1)  resp.  Eq.  (5.2)  over  a  volume  V  fixed  in  space  with  surface  F  yields 


(5.5) 

dt  i  f  = 

-  1  ’  H 

•  J 

'  df 

V 

F 

(5.6) 

'  H"  dv  = 
dt 

1  '  £  ■ 
*  J 

<  df 

V  F 


The  computational  domain  around  the  structure  is  finite  and  is  descretized  by  a  grid  aligned  to  the 
structure's  surface.  The  grid  consists  of  curved  coordinate  surfaces  i  -  const.,  j  =  const,  and  k  =  const., 
the  volume  elements  V(i,j,k)  are  general  hexahedra  (Fig.  5.2a)  with  surfac|  vectors  f,(i,j,k),  fj(i+l,j,k), 
fj(i,j,k),  ...  f|((  i ,  j,k+l) .  According  to  Eqs.  (5.5)  andJ5.6)  the  vectors  H(i,j,k),  £(i,j,k)  of  the  left- 
hand  side  are  centered  within  V(i,j,k)  and  the  vectors  H.(i,j,k),  £.(i,j,k),  ...  are  centered  within  re¬ 
lated  faces  (Fig.  5.2b). 

The  vectors  are  volume-averaged  resp.  face-averaged  field  quantities.  Eq.  (5.6)  for  example  has  the 
following  centered  difference  expression  for  the  space  derivatives: 


dt 


1/r 

vnYj.v) 


M+l.j.k 


'iW<>i,j,k  +  <f\r  Vi,.i+i,k  + Wij.k 


+  ^k  *  Mi,j,k+1  1  (^k  *  ^i.j.k^  ' 

No  difference  expression  for  the  time  derivative  is  used.  The  surface  vectors  Rj,  £j,  ...  are  compu¬ 
ted  from  the  volume  vectors  fl,  E  which  are  known  from  the  preceding  time  step  by  linear  interpo! i ! ion  in 
the  index  space  (i,j,k).  A  similar  expression  holds  for  dt( i , j ,k)/dt .  Thus  Eqs.  (5.5)  and  (5.6)  are  re¬ 
placed  by  a  set  of  ordinary  differential  equations  with  respect  to  time  t.  These  equations  are  integra¬ 
ted  by  a  Runge/Kutta-type  procedure  with  appropriate  step-size  control. 
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Fig.  5.2 

Volume  element  V(i,j,k)  and 
location  of  vectors  [2], 


Since  in  both  approaches  no  matrix  equations  have  to  be  solved,  it  is  possible  to  split  the  grid  into 
subdomains.  In  addition  both  computer  codes  are  suited  for  adaption  to  paral lei -processing  and  vector- 
array-processing  computers.  The  renuired  memory  increases  for  both  methods  only  linearly  with  N,  the  total 
number  of  field  components  to  be  determined.  The  value  of  N  is  a  function  of  the  normalized  electric  volu¬ 
me  of  a  scatterer,  e.g.  N  -  ( D/ >. ) 3  where  D  is  a  characteristic  dimension  of  the  scatterer.  With  L,  the  num¬ 
ber  of  required  time  steps,  the  execution  time  is  estimated  to  be  proportional  to  L  *  (D/A)3. 

For  the  lE-method  applied  to  perfectly  conducting  scatterers  tne  number  of  unknowns  varies  with  the 
surface  of  the  scatterer,  see  Eqs.  (3.9)  and  (3.10),  that  is  N  -  (D/A)2.  The  required  memory  for  matrix  in¬ 
version  varies  with  (D/A)'*.  The  estimation  of  the  execution  time  depends  on  the  chosen  method  for  the 
solution  of  linear  system  of  equations.  For  iterative  methods  the  execution  time  varies  with  ( D  /  > )  **  which 
is  little  more  than  the  requirements  of  the  methods  discussed  in  this  Section.  For  direct  solution  methods 
however,  the  execution  time  varies  with  (D/A)6  which  is  significantly  greater  as  for  the  time-domain 
approach.  A  direct  inversion,  however,  has  the  advantage  that  is  must  be  done  only  once  per  frequency, 
since  the  matrix  is  independent  from  the  incident  field.  The  procedures  discussed  here  must  be  repeated 
like  iterative  matrix  solution  methods  for  each  variation  of  the  angle  of  observation. 

Fig.  5.3a  shows  a  ho1 low  square  cylinder  as  test  structure  with  length  L  =  9A,  side  length  of  the 
square  a  =  3V,  wall  thickness  s  =  A/10.  This  test  object  has  been  published  in  [201.  Fig.  5.3b  shows  the 
backscatter  cros ^-section  in  dependence  from  the  aspect  angle.  The  solid  lines  represent  experimental  re¬ 
sults,  the  circles  represent  theoretical  results  of  the  first  method  discussed  in  this  section  and  the 
stars  represent  results  of  the  second  method  (21. 


A  lattice  cell  size  of  approximately  1/llA  was  selected  for  the  first  time-domain 
linder  wall  was  formed  by  96  x  32  x  1  cells,  and  the  overall  lattice  size  was  112  x  48 
steps  were  used,  equivalent  to  31  cycles  of  the  incident  field.  For  the  application  of 
grid  with  85  x  17  x  73  cells  was  used,  see  Fig.  5.4. 


approach.  Each  cy- 
x  48  cells.  661  time 
the  second  approach  a 


::-iv 


Fig.  5.4 

Grid  for  the  hollow  cylinder. 

a)  Outer  grid  surface, 

b)  Grid  in  a  plane  section 
k  =  const. 


6.  CONCLUSION  AND  REMARKS  FOR  FURTHER  WORK 

In  this  paper  the  basic  ideas  of  a  variety  of  methods  in  electromagnetics  are  outlined  in  short.  The 
appropriate  geometric  model  of  each  method  is  discussed  in  more  detail.  The  requirements  with  respect  to 
the  type  of  the  model  and  with  respect  to  the  accuracy  are  established.  For  some  models  and  methods  an 
estimation  of  the  computer  effort  is  given.  For  the  following  problems  comparison  between  theory  and  expe¬ 
riment  has  been  drawn:  radiation  characteristic  of  an  antenna  installed  on  a  helicopter,  current  distribu¬ 
tion  of  a  cube,  radar  cross-section  of  a  structure  with  doubly  reflecting  surfaces,  radar  cross-section  of 
a  hollow  cylinder.  Much  more  test  objects  are  presented  in  the  references  cited. 

Despite  the  fact  that  the  number  of  validation  tests  increases  in  the  publications  there  are  some  es¬ 
sentials  gaps  in  estimating  the  overall  effectiveness  of  the  methods  for  practical  applications.  In  apply¬ 
ing  any  of  the  methods  for  example  the  following  problems  are  not  satisfyingly  clarified:  incorporation  of 
aielectric  media  into  the  model,  examination  of  3-D  structures  with  empty  and  loaded  cavities  and  of  struc¬ 
tures  in  the  resonance  region,  investigation  of  near-field  properties.  Clear  statements  concerning  the  sta¬ 
bility  of  results  against  the  type  of  model  (e.g.  wire-grid  or  surface  patch  model)  and  the  refinement  of 
tne  model  are  miss’ng.  In  the  IE-nethod  only  a  few  results  are  available  which  are  obtained  by  the  inde- 
oendent  use  of  either  the  EFIE  or  the  MFIE  for  the  same  structure.  The  PO-method  has  to  be  extended  to 
treat  multiple  reflections,  creeping  waves,  bistatic  and  quasi  near-field  problems,  and  must  be  validated 
'or  these  cases.  For  the  two  time-domain  approaches  discussed  more  results  concerning  cavity  problems,  in¬ 
ternal  resonances  and  nonperfectly  conducting  bodies  should  be  available  since  these  techniques  seem  to  be 
advantageous  in  these  special  cases.  Further  studies  should  also  dec!  with  demonstration  of  accuracy  for 
coarse  lattice  sizes. 

A  further  gap  which  should  be  closed  is  due  to  the  classification  of  the  methods  in  those  which  are 
suited  to  treat  electrically  small  structures  (rigorous  methods)  and  those  which  are  advantageous  in  trea¬ 
ting  electrically  large  structures  (approximate  methods).  Studies  seem  to  be  useful  to  estimate  the  struc¬ 
ture's  dimensions  where  one  type  of  solution  method  can  be  substituted  by  the  other  one  without  significant 
loss  in  accuracy  for  the  results.  If  for  example  the  PO-method  could  be  used  instead  of  the  IE-method  one 
could  solve  the  problem  much  more  economically. 

Finally  the  study  of  the  efficiency  of  the  different  approaches  at  the  same  test  objects  (an  example 
he'  been  given  in  the  paper)  could  lead  to  recommendat ions  of  high  practical  interest.  The  test  objects 
cou i H  be  selected  with  increasing  complexity  to  study  effects  of  edge  and  corner  diffraction,  creeping 
waves,  cavity  and  resonance  phenomena,  perfectly  and  nonperfectly  conducting  bodies. 

7.  APPENDIX 

7.1  REFLECT  I  'Ti  COEFFICIENTS 


by 

where 

(7.3) 


Tne  reflection  coefficients  at  the  surface  of  a  panel  consisting  of  N  layers,  see  Fig.  7.1,  are  given 
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Z:^),  are  computed  by  the  following  recurrence  formulas: 
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where  z(|j),  are  input  impedances  of  the  nth  layer 

spectively. 
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Fig.  7.1 

Geometry  of  a  multilayered  panel. 


The  impedance  of  the  nth  layer  is  given  by 

r~  /  (n) 

Au  /u' 


ZW  =  ,  where  e(n)  =  E.(n)  .  je»(n) 

'o  4 


is  the  complex  relative  permittivity  (dielectric  constant)  of  the  nth  layer. 


■  (n)  =  ,.'(n)  -  iu"(n) 


uj!'  is  the  complex  relative  permeability,  and  c'  1  =  '  cosor 


.(n)  =  . (n)  ( n ) 


with  k'  -  .  c  .  l*r  being  the  wavenumber  of  the  nth  laver  and  d'  '  the  thickness  of  the  nth 

layer.  .  =  2’f  =  angular  frequency. 

The  value  cosc/n^  can  be  derived  from  the  equation 
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"r  tr 

’he  last  and  the  first  layer  are  assumed  to  be  of  semi-infinite  thickness.  For  more  details  see  [7,  9], 
7.2  PTO  EDGE  DIFFRACTION  COEFFICIENTS 

The  coefficients  of  the  backscattering  matrix,  see  Eq.  (4.12),  are  given  by 
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Fig.  7.2 

Geometry  of  the  bistatic  wedge  diffrac¬ 
tion.  In  the  backscattering  case  -ji  , 
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The  coefficients  0^  are  obtained  from  the  coefficients  Dyj  by  the  following  substitutions: 

*‘e  '  m  '  "e  •  Bc  “  *  '  pe  '  l‘l  lJ2  -  “l  "  ^  ■ 

Fore  more  details,  see  116,  17] . 
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SPECIALIST'S  MEETINC  ON  "APPLICATIONS  OE  MESH  GENERATION  TO 
COMPLEX  3-0  CONFIGURATIONS 
24-25  May  1989  -  NORWAY 

Mr.  W.  Schtnl tit 

Rf loro  we  art-  closing  our  specialists'  meeting,  we  all  will  have  the  pleasure  to  listen  to  our  evaluator. 
Or.  Sieger. 


Or.  Strip  i 

Like  pn>Ki  nn  Hemic,  !  want  ' (»  start  out  by  tli/inking  the  Panel  for  inviting  me  here  lo  give  Lite 
ev.-j lua l ion .  Unlike  Preston  Hemie,  1  won't  take  It  upon  myself  to  give  out  gold  stars  or  little  soggy 
raspberries  —  I  am  not  even  sure  I  know  what  a  raspberry  is,  I  guess  it  is  an  English  expression  .1 
don't  want:  to  find  nut  cither.  The  way  I  have  approached  this  is  that  naturally  I  was  hoping  that  every 
author  would  send  me  a  copy  of  their  paper  two  weeks  in  advance.  Of  course,  most  of  the  papers  didn't 
show  up  unti 1  a  couple  of  days  ago.  What  I  ended  up  doing  finally  wan  to  nit  down,  look  at  the  meeting 
announcement  and  Hie  theme,  arid  make  up  my  own  ideas  of  where  I  think  things  stand  based  on  what  the  theme 
ul  the  meeting  is.  Like  any  good  NASA  engineer,  1  proceeded  to  make  vlewgraphs.  These  vtewgraphs  reflect 
my  though!!:  an  nl  Lint  week.  Then  in  the  last  couple  days  1  have  also  been  pencilling  In  comments  based 
on  what,  'i  have  heard  here  (now  Italicized  on  the  vlewgraphs).  So  1  Just  want  to  go  through  things  In  that 
Way  . 


*  Vii:wgnlj‘h  1 

THEME 

...elHeieiil  tlillereiicc  schemes  ...have  evolved  for  simulaling  the  flow 
about  relatively  simple  rniillgiiridiimn.  However,  {for  complex  configu¬ 
rations)  ...  it  is  not  dear  that  routine  CEP  solution  procedures  have 
evolved,  especially  for  high  Reynolds  number  viscous  How... 

...focus  on  the  time-  and  cost-consuming  operations  of  geometry  dis¬ 
cretization  and  generation  of  meshes  for  complex  3-D  configurations... 

...survey  the  capabilities  of  the  CED  community  for  gridding  complex 
3-1)  configuration*,  i 

...provide  insight  ns  to  the  present  stale  of  grid  generation...  to 
assess  whether  this  presents  a  long  term  stumbling  block  to  routine  use 

of  CEP... 


If  you  look  .it  the  announcement  there  wore  several  themcB  Hated.  The  idea  of  the  announcement  was  that 
nolle  a  hit  of  progress  has  been  made  for  simple  tjonf igurotionn,  but  it  wasn’t  at  all  clear  that  CFD  had 
reached  the  point  that  you  could  routinely  solve  flows  about  complex  configurations  especially  for  nigh 
Reynolds  number  viscous  flow.  The  organizers  of  the  meeting  broke  things  up  based  on  several  Ideas.  One 
Is  that  there  should  be  a  focus  on  the  time  and  cost  consuming  tasks,  of  geometry  discretization,  setting 
up  i he  grids,  what  have  you.  A  lot  of  the  papers  here  have  addressed  that  particular  thought.  Another 
Idea  was  to  survey  the  capabilities  of  the  community  for  dolnR  complex  configurations.  Then  I  think  the 
most  important  Is  this  down  here.  Assess  whether  or  not  we  have  gotten  far  enough  to  decide  whether  or 
not  grid  generation  represents  a  stumbling  block  to  routine,  and  I  underline  the  word  routine  here,  use  of 
CP!).  Them*  ronrepta  not  the  theme. 


•  Virv'grujth  l 

CHIP  CONSTRAINTS  (structured  or  unstructured) 

•  sufficiently  dense  for  ncctirncy,  not  so  dense  to  be  impractical 

•  smooth  grid  variation  enhances  accuracy 

t  body  conforming  grills  simplify  DC  application,  viscous  inycr  resolution 

•  skewness,  discontinuities,  and  aspect  ratio  effect  algorithm  stiffness  and 
accuracy 

.  organized  data  enhances  machine  efficiency  and  reduces  memory 

•  grid  choice  should  not  lead  lo  overly  complex  computer  codes 

•  methodology  must  be  compatible  with  current  computers  -mr/iif  nnia 

•  gridding  readily  applicable  to  complex  configurations  -  innnfioiir  roll 
nod  tmilrnjji 

t  ease  of  generation 

*  ♦  ♦ 


To  flume  people  grid  generation  Is  an  extremely  e«By  thin*  to  do.  It  is  just  putting  a  mesh  around  the 
configuration.  What  makes  this  difficult  and  why  arc  there  so  many  different  approaches?  One  thing  that 
ramr  out  of  this  meeting  was  that  there  really  aren't  so  many  different  approaches.  1  think  what  vt:  hove 
mainly  seen  are  multi-block  procedures  ami  unstructured  procedures.  Hut  there  have  been  one  or  two  odd 
papers,  such  as  the  last  one  from  Iloelng,  where  smm  rather  unusual  approaches  have  been  taken. 


rid-: 


There  are  a  lot  of  constraints  on  the  grid.  The  grid  has  to  be  dense  enough  that  you  get  accuracy  but  you 
cannot  afford,  on  current  computers,  to  make  the  grid  so  dense  it  takes  hours  and  hours  of  computational 
time . 

There  is  a  tendancy  to  say  that  certain  finite-volume  procedures  can  give  you  a  good  solution  on  d  grid 
that  is  changing  rapidly.  Nevertheless,  it  is  probably  true  that  smooth  grid  variation  enhances 
accuracy.  These  are  some  of  the  constraints  that  we  have  to  live  with.  I  think  that  everybody  recognizes 
that  body  conforming  grids  simplify  the  application  of  boundary  conditions  and  if  you  want  to  simulate 
viscous  flow  at  a  high  Reynolds  number,  a  body  conforming  grid  is  almost  a  necessary  constraint. 

There  have  been  several  papers  that  have  addressed  the  problems  of  skewness,  aspect  ratio, 
discontinuities,  how  that  effects  algorithm  stiffness  and  accuracy.  That  is  just  another  problem  that  has 
to  be  weighed  into  the  overall  situation. 

This  is  an  argument  that  I  use  quite  a  bit  —  I  am  typically  a  structured  grid  person  —  the  way  that 
organized  data  enhances  machine  efficiency  and  reduces  memory  requirements.  The  unstructured  people  would 
say,  yes,  but,  if  you  have  a  good  unstructured  grid  that  adapts  well,  you  can  get  by  with  so  many  fewer 
grid  points  that  it  more  than  makes  up  for  not  having  organized  data.  That  is  another  argument,  but  we 
really  would,  if  possible,  like  organized  data. 

A  grid  choice,  and  I  think  we  would  all  agree  to  this,  should  not  lead  to  a  computer  code  that  is  unduly 
complex.  Fluid  mechanics  has  not  evolved  to  the  state  that  we  can  simply  turn  things  on,  that  we  know  all 
the  physics  and  trust  the  codes.  Most  of  us,  when  we  do  viscous  flow  calculations  are  in  there  modelling, 
trying  to  use  physical  intuitions  to  improve  things.  As  a  consequence  most  codes  are  constantly  in 
change.  You  don't  want  codes  to  be  so  complex  that  you  can't  still  make  changes. 

If  we  are  going  to  be  useful  now,  and  I  think  all  of  us  want  to  be  useful  to  the  designer  now,  the 
methodology  that  we  employ  has  to  be  compatible  with  current  computers.  At  the  same  time  we  don't  want  to 
be  building  something  that  is  going  to  be  obsolete  5  years  from  now. 

Gridding  has  to  be  applicable,  what  these  two  dots  here  really  say  is  that  we  have  to  make  trade  offs.  We 
can't  expend  hundreds  of  manhours  building  up  a  grid  to  get  a  solution.  We  have  to  reduce  that  cost. 
Finally,  whatever  we  do  there  ar-"  certain  valid  physical  approximations  we  can  us*>.  We  should  be  able  to 
incorporate  those  into  our  procedures. 


•  Viewgrapk  3 

AGARDograph  No.  309  -  Status  1980-1987 
Assessment 

Composite  Grids: 

•  considerable  capability  exists,  but  set  up  time  may  measure  in  weeks 
(unless  similar  topology). 

•  pacing  items  are  subgridding,  generating  interface  boundaries,  and 
surface  gridding  4  4 

Unstructured  grids: 

•  high  Reynolds  number  viscous  flow  simulations  not  curried  out 

•  3D  inviscid  results  for  complex  configurations  not  extensively  validated 

*  *  * 


Those  are  the  constraints  that  we  are  living  with,  and  that  is  why  th1«  area  is  hard  -  and  why  there  are  a 
lot  of  things  going  on.  Joe  Thompson  and  I  about  two  years  ago  put  together  an  AGARDograph  for  which  many 
of  you  wrote  articles.  Our  contribution  was  to  collect  those  articles,  put  a  summary  article  out  in 
front,  and  make  an  assessment  of  where  things  stood  at  that  time.  We  collected  all  these  things  together 
in  1986-1987,  so  we  are  talking  about  two  years  ago.  At  that  time,  solutions  were  coming  out  of  composite 
grids  for  fairly  complex  configurations.  The  assessment  we  made  was  that  considerable  capability  existed, 
it  was  mainly  of  the  multi-block  type  scheme,  and  that  is  stilL  true  I  think.  But  the  set-up  time  could 
measure  in  weeks  unless  you  were  doing  a  topology  that  was  extremely  similar  to  what  you  had  just  done 
before.  So  as  a  result  of  that,  the  pacing  items  at  that  time  seemed  to  be  sub-griddlng ,  generating 
interface  boundaries,  surface  griddings  -  the  geometry-type  things,  i  put  two  little  pluses  here  because 
I  think  those  problems  have  really  been  addressed  by  a  lot  of  the  authors  here  and  a  great  deal  of 
improvement  has  occurred.  Our  AGARDo»-apH  really  d*d  not-  include  any  unstructured  grid  ccle~,  probably 
because  of  the  bias  of  the  people  that  collected  articles  for  that  AGARDograph.  But  also,  because  at  that 
Mme  there  weren't  many  three-dimensional  solutions  coming  out  on  unstructured  grids  which  had  been 
validated,  and  I  don't  think  there  were  any  (high  Reynolds  number)  viscous  flow  solutions  on  an 
unstructured  grid.  So  we  kind  of  ignored  unstructured  grids,  but  in  truth,  the  composite  grids  weren’t 
much  better  off  at  that  time. 
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AGARDograph  No.  309  -  Status  1980-1987 
Recomm'  .,dafions: 

«  Siuiuie  gridding,  automation  and  quality,  in  considerable  need  for  im¬ 
provement.  More  emphasis  on  development  of  CAD  tools  suited  to  CFD 
needs. 

•  Critical  need  for  graphical  interaction  tools  (workstations  )  for  setting 
up  surface  grids,  zonal  boundaries,  checking  grid  results... 


KID  ? 


In  the  AGARDograph  we  had  made  some  recommendations  that  a  lot  more  effort  should  be  put  on  surface 
gridding,  automation  of  that  procedure  and  more  emphasis  on  quality  of  grids.  The  idea  was  that  a  lot  of 
this  could  be  done  with  graphics  —  workstations,  CAD-CAM  devices,  and  all  of  this  should  be  automated  as 
much  as  possible.  It  was  obvious  that  those  kind  of  things  were  going  to  happen  because  the  machinery  was 
becoming  available,  and  again,  I  think  that  we  have  seen  a  lot  of  progress  in  that  area  at  this  meeting, 
although  those  are  areas  where  we  can  continue  to  make  a  lot  of  progress. 
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PROGRESS 

•  solutions  obtained  about  complex  geometries  (fighters,  transports,  space 
shuttle,  tiirbomachinary... ) 

•  more  effective  use  of  workstations 

•  progress  with  composite  structured  and  unstructured  grids 

•  team  efforts  organized 

•  grids  and  solutions  for  3D  configurations  with  moving  components 

★  *  * 


Thinking  about  some  of  the  progress  that  has  occurred  since  the  AGARDograph,  I  just  made  these  notes,  and 
I  will  go  through  this  quickly.  Since  preparing  the  AGARDograph  in  mid-87,  thinking  about  other  meetings 
that  I  have  attended,  as  well  as  this  one,  it  is  clear  that  a  lot  of  progress  had  been  made  in  treating 
complex  geometries.  We  have  seen  solutions  of  fighters,  transport  aircraft,  space  shuttle,  turbo 
machinery,  what  have  you.  Workstations  are  really  coming  into  being.  Several  papers  have  appeared 
(unfortunately  none  of  them  were  invited  to  this  conference)  on  combining  structured  grids  with 
unstructured  grids.  Weatherwill  for  one,  Nakahashi  from  Japan  for  another  —  but  I  suppose  we  are  not 
going  to  invite  Japanese  to  an  AGARD  conference.  But  these  look  very  good  ?.?.A  ''cmbined  structured  and 
unstructured  grids  is  a  very  promising  way  to  go.  Moreover,  (perhaps  this  is  from  my  viewpoint  being  a 
researcher  at  NASA  where  we  usually  work  pretty  much  as  individual  researchers)  in  this  overall  area  the 
complexity  of  the  problem  has  caused  a  lot  of  people  to  come  together  and  work  together  in  teams.  That 
was  very  impressive.  We  have  also  seen  some  solutions  for  moving  components,  store  separation  and  things 
like  that. 
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RECOMMENDATIONS  FOR  NEAR  TERM 

•  more  effective  use  of  workstations  - good  progress  here 

•  more  use  of  composite  structured  and  unstructured  grids 

•  use  of ‘hairy’  grids  -new  ideas 

•  gain  more  experience  with  unsteady  flows  -and  viscous  flows 
-if  if  doesn’t  extend  to  viscous  flow,  don't  do  it 

•  continue  to  improve  grid  generation  algorithms  -and  adaptive  schemes 
•validation  needed,  our  responsibility,  no  edicts  from  above 

-improve  grid  smoothness 


Sitting  back  in  California  I  made  up  some  recommendations.  Since  coming  here  I  have  tried  to  change  some 
of  these.  The  fir6t  recommendation  was  to  make  more  effective  use  of  workstations,  but  as  I  have  pointed 
out  several  times,  I  think  that  we  are  doing  a  good  job  in  trying  to  do  that  now. 

I  really  think  this  is  the  wave  of  the  future,  if  you  like,  the  use  of  composite  structured  grids  and 
unstructured  grids  combined.  In  my  way  of  thinking  the  structured  grids  are  still  the  most  efficient  way 
of  getting  solutions  when  they  are  applicable.  It  has  been  pointed  out  many  many  tiroes  that  when  you  get 

really  complicated  geometries  the  structured  grids  break  down,  which  is  why  we  go  to  a  composite 

structured  grid,  the  multi-block  grids,  but  the  unstructured  grids  seem  to  be  more  powerful  and  they  seem 
to  be  able  to  adapt  to  solution  areas  better.  The  smart,  safe  thing  to  say  is  let’s  combine  the  two  in 
one  algorithm  because  I  don’t  think  that  this  is  very  difficult  to  do.  The  composite  structured  grids 
already  have  interface-type-logic  arrays,  pointers,  what  have  you,  that  are  very  similar  to  what  you  use 
for  unsiiu* lured  grids.  It  is  not  very  hard  to  adapt  the  flow  algorithms  to  structured-unstructured 
grids.  I  think  that  this  is  one  wev  to  go,  to  get  the  efficiency  and  generality  in  one  code. 

Use  of  ’hairy'  grids.  This  is  a  term  I  simply  made  up  before  coming,  an!  hat  I  moan  Is  this.  I  still 
want  to  think  of  viscous  flow.  What  we  want  to  go  to  is  high  Reynolds  number  viscous  flow  simulations, 
and  I  think  a  good  way  to  resolve  a  viscous  flow  is  to  have  a  boundary  layer  approximation  near  the 
surface.  Grid  rays  that  leave  the  body  normal  to  the  surface  allow  you  to  come  up  with  good 
discretization  techniques  for  picking  the  viscous  terms  in  the  boundary  layers,  and  also  allow  you  to 
uce  implicit  operators  very  easily  In  uiat  near  wall  vicinity.  I  think  when  you  get  to  fine  viscous 
near-wall  grids  you  will  want  to  use  ray-like  or  hair-like  grids.  By  'hairy'  grids,  I  also  mean  that  we 
still  need  to  think  of  new  ideas.  If  we  summarize  what  is  going  on  here,  there  are  really  two  main  camps, 
the  multi-block  camp  and  the  unstructured  camp.  We  saw  a  couple  of  other  techniques  that  are  a  bit 
different,  and  I  would  like  to  see  those  developed  and  continue,  but  we  need  new  ideas. 

Most  of  the  calculations  have  been  for  steady  flow.  I  think  we  need  to  gain  more  experience  with  unsteady 

flow,  although  certainly  we  saw  some  beautiful  unsteady  solutions  this  afternoon.  We  really  have  to  work 
on  viscous  flow  more.  There  has  been  very  little  done  on  viscous  flow  at  this  conference.  I  still  take 
the  viewpoint  tliat  if  the  methods  you  are  using  won't  extend  to  the  Navier-Stokes  equations,  it  is 
probably  not  a  good  Idea  to  use  them.  I  will  probably  get  some  flak  on  that,  we  will  see. 


Rin-4 


This  area  used  to  be  the  main  topic  of  grid  generation  —  how  do  we  create  algorithms  to  generate  grids. 

At  least  for  the  structured  grids,  there  doesn't  seem  to  be  much  activity  here,  rather  the  work  seems  to 
be  focussed  on  how  do  we  interface  block  grids  together.  For  unstructured  grids  there  is  still  a  lot  of 
activity  in  this  area  -  grid  generation  and  grid  adaptiveness. 

This  is  a  conference  on  grid  generation,  but  not  enough  authors  in  my  opinion  spent  time  trying  to  show 
that  the  grids  that  they  have  been  devising  really  are  adequate  for  getting  good  solutions.  We  still  have 
this  problem  of  doing  validation  —  and  I  think  that  validation  is  our  responsibility.  I  don't  want 
management  or  someone  from  above  saying  that  you  can't  publish  a  paper  unless  you  'validate'  the  results, 
because  I  think  that  we  want  the  flexibility  to  work  on  the  problems  at  hand.  At  the  same  time  we  really 
have  to  try  to  show  that  the  solutions  that  we  are  getting  right  now  on  these  grids  are  meaningful 
solutions.  So  we  have  that  responsibility. 

A  lot  of  the  grids  shown  here  were  somewhat  discontinuous,  disjoint.  It  is  true  that  some  of  the 
numerical  schemes  can  handle  non-smooth  grids,  but  I  think  we  should  put  more  emphasis  on  (ar.d  we  actually 
had  a  couple  of  papers  talk  about)  improving  grid  smoothness,  skewness,  what  have  you. 
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SUMMARY 


•  Grid  generation  remains  a  pacing  item,  but  solutions  about  complex 
configurations  are  being  obtained,  -aol  yet  routinely 

•  Continued  effort  needed  to  make  solutions  easier  and  less  costly  to 
obtain. 


•  1  ike  geometry  definition,  grid  generation  is  a  continuing  problem  that 
needs  resources  and  creativity. 

-management:  this  is  still  the  driver,  more  important,  for  crumple,  than  turbulence 
modeling! 


*  *  * 


In  summary,  I  would  say  grid  generation  remains  a  pacing  item,  we  are  getting  solutions,  but  not 
routinely.  I  think  that  we  have  had  a  few  people  claim  that  we  are  getting  close  to  routine,  and  1  won't 
dispute  some  of  those  claims.  We  still  need  to  work  in  this  area  to  make  the  solutions  easier  and  less 
costly  to  obtain.  »e  still  need  a  lot  of  creativity,  as  this  is  a  problem  that  is  with  us  for  a  long 
time.  The  last  item  I  have  added  because  I  think  it  may  be  part  of  the  job  of  the  evaluator  to  tell  some 
of  the  management,  and  a  lot  of  it  is  here,  that  this  area  is  still  really  the  driver  in  computational 
fluid  dynamics.  Solution  accuracy  right  now  depends  more  on  our  ability  to  resolve  a  geometry  accurately, 
supplying  good  grid  resolution,  and  getting  good  results  quickly.  These  are  much  more  critical  than 
something  like  turbulence  modelling,  as  far  as  getting  an  overall  good  result.  I  think  the  emphasis  (in 
CFD)  still  has  to  be  in  this  area.  That  may  be  controversial,  and  may  get  some  discussion  going. 

Hr.  W.  Schmidt 


We  now  will  start  with  our  Round  Table  Discussion  and  we  would  like  to  ask  many  people  to  either  comment 
directly  to  Dr.  Steger's  comments  or  to  raise  any  of  the  other  questions  that  have  been  left  open  during 
the  last  two  days,  or  any  new  ideas  that  showed  up. 

Dr.  P.  Kutler,  NASA  Ames 


Grid  generation  is  very  important.  It  is  one  area  that  I  think  we  know  a  lot  about.  We  can  generate  grid 
insensitive  solutions  a  lot  easier  than  we  can  probably  generate  turbulence  model  insensitive  solutions. 
Therefore  my  emphasis  I  think  as  far  as  pacing  elements  go  and  the  discipline  of  CFD  would  be  that  we  need 
more  research  in  the  area  of  turbulence  models  because  there  Is  a  lot  unknown  about  turbulence.  I  do 
think  that  although  we  can't  routinely  generate  grids  quickly,  we  can  still  very  easily  refine  those  grids 
until  we  get  solutions  that  are  insensitive  to  the  grid,  and  therefore,  if  there  are  errors  in  the 
solutions,  a  good  reason  why  there  may  be  errors  is  because  of  the  turbulence  model. 

The  second  comment  regards  the  amount  of  time  It  takes  to  generate  grids.  I  know  that  there  is  some 
controversy  especially  from  the  unstructured  people,  or  at  least  Tony  Jameson  from  the  conference  we  had 

at  NASA  Ames  back  in  March,  about  the  amount  of  time  It  takes  to  set  up  a  grid  to  do  a  computational 

solution.  1  tend  to  believe  that  it  is  not  routine  and  does  take  on  the  order  of  weeks  to  do,  but  I  have 

heard  counter  views  from  Tony  Jameson.  I  guess  I  would  like  to  find  out  what  the  real  story  on  this  is; 

can  we  do  grids  in  a  matter  of  hours  on  complicated  configurations  or  does  it  really  take  a  matter  of 
weeks? 

T. _ ■"■•k,r,  Princeton  Lnl versify 

I  was  going  to  make  a  t~d  mu/bc  I  might  wane  loose  eft ci  enaweiiag  the  ^uestmo..  as  best  1 

ran.  if  is  .using  an  unstructured  method  such  as  the  one  I  presented,  how  quickly  can  one  generate  a 
mesh  around  a  complete  aircraft  starting  from  the  geometric  definition?  I  assume  that  the  definition  of 
the  aircraft's  surface  is  given  as  a  well-defined  set  of  patches  such  as  one  might  have  for  a  panel 
method.  Now  one  tin  allow  the  triangulation  to  go  ahead  for  just  the  aircraft’s  surface  points  and  then 
display  that  trianRulatlon.  In  many  cases  when  you  do  that,  you  will  find  that  the  quality  of  the  mesh  on 
the  surface  Is  not  as  good  as  you  would  like,  and  it  is  necessary  to  interpolate  extra  points,  extra 
sections  in  various  regions  in  order  to  get  sufficient  resolution  in  critical  regions  such  as  near  the 
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wing  body  junction  or  around  pylons  or  nacelles.  It  is  an  interactive  procedure  where  you  sit  at  the 
workstation  and  repeat  the  triangulation.  Typically,  starting  with  a  new  configuration  that  might  take  a 
couple  of  days  to  do.  When  you  are  happy  with  the  resolution  of  the  surface  mesh,  the  rest  is  entirely 
automatic.  The  introduction  of  flow  field  points  proceeds  in  an  entirely  automated  way  and  is  just  a 
matter  of  allowing  the  Cray  computer  to  crunch  away  with  it  for  30  minutes  or  whatever,  and  the  computer 
will  produce  a  mesh  which  you  can  then  use  to  carry  out  a  flowfield  solution. 

I  would  like  to  make  a  couple  of  comments  on  your  summing  up  on  the  issue  of  unstructured  versus 
structured,  one  of  the  disadvantages  of  unstructured  meshes  which  I  didn't  admit  to,  and  which  was  not 
brought  out  by  my  antagonists  is  the  fact  that  the  flow  solvers  for  unstructured  meshes  are  inevitably 
less  efficient  because  of  the  indirect  addressing  that  is  involved.  It  is  much  harder  to  vectorize 
unstructured  flowsolvers.  Although  you  can  vectorize  thss  to  some  extent,  you  don't  vectorize  as  well. 
Typically,  an  unstructured  flow  solver  will  be  two  to  three  times  slower  t hr t.  the  corresponding  stuctured 
flow  solver. 

Now  I  think  that  there  are  clearly  cases,  let  us  say  of  a  wing  alone,  where  there  is  absolutely  no 
difficult  in  producing  a  structured  mesh.  I  think  that  for  such  an  example  there  would  be  no  point  in 
using  an  unstructured  mesh.  There  are  other  situations,  a  complete  aircraft.  I  would  dare  suggest, 
an  unstructured  mesh  would  be  better.  But  I  agree  with  you  that  in  the  future  one  will  see  a  composite 
approach.  What  we  have  seen  so  far,  I  believe,  with  composite  approaches  is  the  use  of  a  structured  mesh 
around  the  surface  and  unstructured  meshes  outside  that.  I  think  that  is  completely  the  opposite  way  to 
which  it  should  be  done.  The  structured  part  of  the  mesh  should  cover  the  major  part  of  the  flow  field 
and  it  is  only  in  the  interior  region  close  to  the  aircraft's  surface,  where  it  is  difficult  to  mesh,  that 
one  should  go  unstructured.  I  think  that  is  the  kind  of  composite  mesh  you  .*eed,  and  I  think  you  will 
then  reap  the  advantages  of  structured  as  well  as  unstructured  meshes. 

The  final  comment  I  want  to  make  addresses  this  issue  of  mesh  smoothness  which  everybody  has  talked 
about.  Really  a  great  deal  has  been  said  about  it  from  a  kind  of  empirical  or  heuristic  point  of  view. 
Very  little  work,  as  far  as  I  see,  has  been  done  to  try  to  address  these  issues  theoretically.  In  other 
words,  what  one  would  like  to  see  is  some  kind  of  theoretical  prediction  or  measure  of  how  important  or 
how  bad  mesh  stretching  is,  mesh  skewness  is,  point  distribution  is,  and  again  that  will  depend  on  the 
type  of  solver  we  use.  It  is  true  that  some  discretization  schemes  are  more  robust.  Nevertheless,  I 
think  that  theoretical  estimates  which  allow  you  to  say  yes,  this  mesh  and  this  flow  solver  are  perfectly 
adequate,  and  this  mesh  and  this  flow  solver  are  not,  are  needed  in  order  to  take  some  of  the  uncertainty 
out  of  this  business. 

Dr.  P.  Kutler,  NASA  Ames 

There  is  one  other  element  that  you  have  to  include  when  you  are  looking  at  mesh  quality  and  that  is  the 
fluid  physics  that  occurs,  because  that  is  where  you  are  going  to  be  getting  your  gradients.  I  think 
Peter  Eisemann  can  talk  a  little  bit  more  about  mesh  quality.  We  talk  a  lot  about  grid  quality,  but  I 
don't  think  that  we  have  derived  any  criteria  on  how  to  judge  whether  or  not  we  have  a  good  grid  other 
than  by  looking  at  it  and  saying  it  is  good. 

Mr.  W.  Schmidt 

I  could  also  make  a  proposal  to  look  into  the  quality  of  mashes.  You  just  build  a  windturmel  model 
representing  the  surface  by  the  mesh  with  all  its  patches,  you  test  it  and  then  you  see  if  that  is 
adequate  or  not. 

Mr.  R.  Bradley,  General  Dynamics 

I  would  like  to  say  that  Joe's  comments  are  right  on.  I  agree  with  them  100%.  I  dr  think  that  one  of  the 
most  critical  issues  that  we  face  as  users  is  in  the  grid  area.  Turbulence  is  important,  but  I  think  that 
there  is  probably  as  much  uncertainty  in  grids  as  there  is  in  turbulence.  At  the  present  time  I  don’t 
have  the  computer  power  to  keep  reducing  grid  sizes  until  I  get  insensitivity.  I  am  not  sure  I  know  how 
far  that  is  either,  by  the  way.  My  basic  feeling  and  my  experience  tells  me  that  I  really  need  to 
understand  and  know  better  how  to  use  the  grids  and  how  to  gain  confidence  in  them.  I  also  agree  with 
Wolfgang  that  the  best  way  to  determine  the  credibility  of  your  grid  is  with  an  experiment  and  I  think  the 
validation  issue  that  was  mis6ing  in  the  conference  is  the  key  issue  for  grids  as  well  as  for  algorithms 
and  turbulence  models. 

Mr.  J.  Steger 

I  would  like  to  agree  with  Dick  Bradley.  I  don't  think  that  any  of  our  solutions  are  anywhere 
grid-independent  at  this  point.  I  know  from  my  own  problems  that  the  geometry  is  mere  important  than 
anything  else  as  far  as  getting  the  right  first  order  effects  for  a  solution. 

Mr.  W.J.  McCroskey,  Ames  Research  Center 

I  think  that  there  are  several  problems  that  will  be  more  important  in  the  future  than  perhaps  sc^e  of  the 
ones  we  have  seen  today.  I  would  be  interested  in  the  participants*  comments  on  the  relative  merits  of 
structured  and  unstructured  or  maybe  a  composite  of  the  two  on  these  problems.  They  are  the  following: 
First  -  capturing  lov.  I  -cl  outgoing  waves,  like  perhaps  acoustic  waves,  when  you  need  details  in  the  flow 
field  away  from  the  body.  Second  -  bodies  in  relative  motion,  which  includes  a  store  separation  that  has 
been  described  here,  turbomachinery  with  rows  in  relative  motion  and  the  rotor  and  body  of  helicopter 
configurations.  Third  -  concentrated  vortices  that  move  through  important  parts  of  the  flow  field  that 
may  not  be  immediately  adjacent  to  the  body.  Those  are  problems  that  haven't  seen  much  attention  here, 
but  I  am  curious  about  what  the  future  holds  vis-a-vis  structured,  unstructured,  or  combination  thereof. 
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Clive  Albone,  RAE,  Farnborough 

Having  listened  to  what  Paul  Kutler  said  about  grid  insensitivity  and  some  other  people  havrt  spoken  about 
it,  I  would  like  to  be  able  to  agree  with  him.  If  he  were  right  that  there  are  plenty  of  examples  of  grid 
insensitivity,  then  clearly  turbulence  modelling  would  take  over  as  the  main  pacing  item.  However,  when  I 
look  at  the  papers  that  we  have  seen  i n  the  last  two  days,  there  are  very  few  examples  where  people  have 
shown  results  of  convergence  under  grid  refinement  by  systematically  doubling.  1  showed  one  example  for 
an  extremely  simple  case  where  I  ran  four  meshes  (and  I  have  good  meshes  on  that  simple  example),  but 
there  was  still  quite  a  lot  of  grid  dependency.  So  if  indeed  there  are  plenty  examples  of  grid 
independence  around,  I  would  like  to  see  some  of  them.  Why  didn't  we  see  any  at  this  conference? 

Mr.  A.  Roshko ,  Cal  Tech 


I  don't  know  anything  about  grid  generation,  but  I  wonder  after  listening  to  the  discussion  whether 
anybody  ever  tries  to  calculate  flow  over  a  circular  cylinder  nr  a  sphere  or  something  like  that,  where,  I 
presume,  the  grid  generation  should  be  no  problem  at  all. 

Mr.  J.  Steger 

It  is  a  hard  problem,  because  you  have  to  go  back  to  the  problem  that  Jim  McCroskey  brought  up.  How  do 
you  resolve  the  vortices  and  everything  else  that  influences  the  flow  field? 

Mr.  J.  Slooff,  N'LR,  Amsterdam 


One  of  the  aspects  that  I  feel  might  become  important  in  the  future  is  that  if  you  look  at  grid  generation 
in  terms  of  what  sort  of  problem  it  is,  it  is  actually  I  think  an  optimization  type  of  problem  because  one 
has  to  compromise  the  various  requirements  in  terms  of  grid  complexity  and  grid  quality  and  that  sort  of 
thing.  I  wouldn't  be  surprised  that  in  the  future  we  will  have  some  kind  of  combination  of  optimization 
algorithms  with  grid  generation  approaches  and  in  that  respect  variational  approaches  to  the  mesh 
generation  problem  are  also  a  very  interesting  option,  I  think.  In  my  personal  opinion  we  had  quite  a 
good  example  of  that  in  terms  of  the  work  of  Mr.  Jacquotte.  I  was  much  impressed  by  that  and  it  is  my 
feeling  that  we  will  see  a  lot  more  of  that  sort  of  optimization  approach  in  the  future.  I  also  have  a 
question  for  the  unstructured  people  and  that  is  do  we  really  have  a  measure  of  the  quality  of  the  grids 
in  the  sense  of  what  Mr.  Jacquotte  was  using. 

Mr.  F.  Elseman,  Columbia  University 

I  feel  that  there  is  a  measure  of  quality  for  both  structured  and  unstructured,  but  I  think  that  the 
comment  just  made  on  grid  quality  was  a  rather  narrow  perspective  on  grid  quality.  It  is  just  a  few  of 
the  quality  features  of  a  grid.  Certainly,  for  example,  orthogonality  and  smoothness  are  important.  Also 
you  might  consider  the  rate  of  growth  of  the  grid  cells  as  being  important.  Furthermore,  it  depends  on 
how  much  information  you  have.  For  example,  you  can  inject  the  physics  as  Paul  has  mentioned  or  you  can 
inject  the  numerical  methods  you  are  dealing  with.  Taking  available  information  into  consideration,  you 
can  now  concentrate  on  the  way  in  which  you  view  the  results.  It  is  not  necessarily  a  total  integral  type 
of  thing  that  you  have  minimized  as  you  would  in  say  a  variational  type  of  technique.  There  are  a  good 
number  of  those  as  well.  Variational  techniques  are  good,  but  a  measure  of  quality  is  a  broader  issue  and 
not  quite  as  narrow  as  Indicated. 

Mr.  T.  Baker,  Princeton  University 


I  suppose  Or.  Slooff  threw  out  a  challenge  about  the  measure  of  mesh  quality  in  unstructured  meshes.  I 
believe  that  in  the  paper  of  Jacquottes  which  I  was  very  impressed  with,  he  was  showing  that  he  can 
achieve  orLiiugonali  ty  of  his  mesh;  (3-D  as  well  as  2-D),  and  also,  to  some  degree,  any  mesh  aspect  ratio 
he  specified.  With  an  unstructured  mesh,  as  I  alluded  to  in  my  talk,  one  can  certainly  base  measures  of 
the  element  quality  on  such  geometric  characteristics  as  minimum  edge  length,  maximum  edge  length, 
in-radius,  .-ircum  radius. 

It  is  possible  to  use  measures  based  on  the  ratio  of  those  characteristics  to  decide  what  the  quality  of 
the  particular  individual  elements  is,  and  if  necessary  one  can  restructure  the  mesh  to  ensure  that  the 
quality  of  all  the  elements  is  good.  In  that  sense  I  think  one  does  have  some  control  and  knowledge  about 
the  quality  of  unstructured  meshes.  However,  that  is  only  dealing  with  the  individual  elements.  As  far 
as  the  mesh  connectivity  is  concerned,  how  many  elements  are  incident  on  one  edge  for  example,  at  the 
moment  one  doesn't  have  a  great  deal  of  control  over  such  matters,  although  that  will  depend  to  some 
extent  on  the  point  distribution.  So  I  think  that  with  unstructured  meshes  one  does  have  some  degree  of 
control  over  the  quality  of  the  individual  elements  but  further  work  is  needed  to  ensure  overall  mesh 
quail ty . 

Mr.  R.  Lohner, 


I  would  like  to  comment,  on  the  question  that  Jim  McCroskey  had.  In  particular  the  two  example  problems 
that  intrigued  me  most.  These  are  a)  moving  bodies  (say  a  store  separation)  and  b)  turbine  blades.  You 
see  a  lot  of  runs  which  are  done  with  structured  grids.  What  you  see  particularly  in  the  blade  to  blade 
calculations  is  that  when  the  wake  of  the  first  blade  enters  the  grid  belonging  to  the  second  blade,  the 
wake  is  simply  lost.  One  can  put  a  Mce  C  mesh  on  the  one  blade.  However,  when  you  go  into  the  other 
region,  as  the  blades  move  one  against  each  other,  you  lose  totally  the  wake  because  the  grid  density  on 
one  side  does  not  correspond  to  the  grid  density  on  the  other  side.  Either  you  take  a  completely  fine 
grid  everywhere,  which  of  course  in  3-D  is  impossible,  or  you  lose  it.  There  are  enough  papers  (e.g.,  at 
least  at  the  last  Reno  meeting  there  were  two)  which  show  that  very  clearly.  I  think  that  all  of  these 
time  dependent  problems  will  only  be  tackled  with  adaptive  refinement.  As  far  as  I  can  see  the  best  way 
to  adaptively  refine  a  mesh  is  with  an  unstructured  mesh.  It  is  just  natural.  It  is  so  easy.  That  is 
basically  my  view  of  the  future. 
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Mr.  P.  Eiseman 


That  is  a  very  convincing  argument.  I  might  add  a  few  comments  here.  We  have  seen  for  example  the 
Chimera  scheme  which  is  currently  a  structured  type  of  approach  which  does  handle  mesh  movement.  But 
looking  a  little  further  into  the  future  at  least  for  block  structures  and  that  technology;  we  don’t  have 
it  now,  but  I  think  that  the  next  field  that  people  will  address  and  that  will  be  done  is  what  I  would 
call  an  automatic  topology  generator.  If  we  had  such  a  generator  what  would  then  happen  is  that  we  would 
be  able  to  very  efficiently  remesh,  have  all  the  advantages  of  structured  grids,  and  be  able  to  have 
motion  like  for  example,  store  separations  where  the  body  comes  out  and  tumbles.  So  T  think  that  if  this 
were  like  the  horse  races,  I  would  say  tliat  yes  the  unstructured  and  chimera  schemes  are  ahead  of  the 
game ,  but  that  might  not  be  for  very  long. 

Mr.  Van  Ingen,  Delft 

I  think  that  we  should  come  back  to  the  issue  of  what  is  the  worst  problem,  turbulence  modelling  or  the 
mesh  generation,  because  two  managers  have  spoken  up  and  the  result  is  about  50/50;  and  I  think  that  is 
very  dangerous.  I  think,  what  is  important  is,  that  you  look  at  the  rate  of  progress  in  both  fields  and 
then  you  must  come  to  the  conclusion,  as  far  as  I  can  see  it  anyway,  that  the  rate  of  progress  in  grid 
generation  is  much  better  than  in  turbulence  modelling.  Even  if  it  is  50/50  at  this  moment  in  time,  it 
will  not  be  in  a  few  years  from  now.  It  is  very  dangerous  to  claim  that  turbulence  modelling  is  not  so 
important  at  this  moment. 

Mr.  J.  Steger 

I  don’t  think  that  I  claimed  that  it  wasn’t  important.  I  think  that  what  I  was  trying  to  claim  is  that 
the  big  payoff  is  obtained  by  putting  the  emphasis  in  this  particular  area.  I  would  also  argue  that  it  is 
difficult  and  maybe  even  useless  to  try  to  do  turbulence  modelling  if  your  turbulence  model  is  actually 
trying  to  compensate  for  errors  in  the  grid.  You  have  to  get  those  other  errors  out  of  there  first  to 
know  how  well  your  turbulence  model  is  doing. 

Mr.  W.  Schmidt 


In  fact,  you  need  a  very  good  grid  to  do  turbulence  modelling. 

Mr.  J.  Steger 

It  may  be  possible  that  turbulence  modelling  wili  never  work.  So  you  try  to  put  your  money  in  an  area 
where  you  know  you  are  going  to  get  some  results. 

Mr.  R.  Graves ,  NASA  Headquarters 

I  am  also  one  of  these  managers  who  has  to  decide  between  these  areas  at  times.  I  would  like  to  make  a 
quick  comment  on  two  observations.  One  is  the  turbulence  modelling  problem  or  turbulence  in  general  in  mv 
view  is  the  last  grand  challenge  in  fluid  mechanics  and  therefore  is  ar  intellectually  stimulating 
challenge  and  one  in  which  a  lot  of  researchers  like  to  work  on  in  terms  of  understanding  the  physics, 
because  the  physics  are  still  unknown.  Whereas  grid  generation,  and  I  tend  to  agree  with  some  of  the 
comments  which  have  just  been  made,  is  more  of  an  engineering  problem,  one  of  once  we  define  wlat  grid 
quality  is,  it  becomes  an  optimization  problem.  It  is  a  problem  on  which  a  lot  of  progress  has  been  made 
and  will  continue  to  be  made  on.  Prom  that  standpoint  when  I  look  at  balancing  research,  that  is  research 
between  turbulence,  turbulence  modelling,  and  grid  generation,  I  think  for  the  future  we  have  been  putting 
our  efforts  in  turbulence  and  turbulence  modelling  because  that  is  where  the  critical  problems  still  are 
and  I  think  that  the  grid  optimization  problem  will  be  solved  in  the  near  future  whereas  we  may  not  solve 
the  turbulence  problem  for  a  number  of  years. 

Mr.  W.  Schmidt 


This  might  be  a  good  rinal  word  on  this  50/50  business.  From  my  point  of  view,  just  checking  through  all 
the  papers,  I  have  found  actually  one  area  missing  somewhat  and  this  is  a  more  indepth  look  into  the 
flexibility  as  far  as  configurational  changes  is  concerned.  For  instance,  if  you  start  designing  or 
developing  a  new  aircraft  you  start  with  a  wing  body  and  add  a  nacelle  and  you  add  a  tail  and  you  add 
control  surfaces  and  so  forth.  As  it  stands  now  almost  everybody  as  far  as  I  see  from  the  papers  will 
start  from  scratch  everytime  he  is  doing  a  new  calculation  rather  than  using  the  existing  mesh  and  adding 
something  or  just  changing  something.  The  same  is  true  if  you  think  of  che  design  problems  that  we  had  in 
the  first  days.  If  you  really  make  an  attempt  to  apply  a  design  method  on  a  new  wing  body  configuration, 
you  start  redesigning  the  wing  with  an  inverse  method  that  is  a  finite  difference,  a  finite  volume,  or  a 
finite  element  type,  you  will  definitely  end  up  with  new  meshes.  Does  that  imply  that  you  do  new  mesh 
generations  every  cycle,  every  time  that  you  get  a  modification  of  the  shape  of  what  is  going  on.  I  was 
really  missing  this  aspect  in  the  whole  meeting  this  time.  T  think  that  we  should  really  look  into  this 
for  future  improvements; 

We  now  have  reached  our  time  limit  and  we  should  stop  this  meeting.  On  behalf  of  the  Conmittee  of  this 
Specialists  Meeting,  I  would  like  to  thank  all  authors  that  gave  their  very  nice  presentations,  also  all 
those  observers  that  came  over  here  and  gave  contributions  by  making  comments.  I  think  that  we  have  had 
two  very  interesting  days  and  got  presentations  on  all  topics  we  had  asked  for  in  our  call  for  papers. 

My  last  Thank  You  is  to  Joe  Steger  and  Paul  Kutler,  both  of  you  being  so  kind  to  step  in  the  two  gaps  we 
had.  You  gave  us  some  very  interesting  Information  along  with  our  theme.  Thank  you  all  very  much,  and  I 
would  like  to  hand  this  over  now  for  the  final  remarks  from  the  Panel  Chairman. 


RTD-X 


Mr.  D.  Pcckham 

Thank  you  Wolfgang.  Now  it  is  time  to  bring  our  64th  meeting  of  the  Fluid  Dynamics  Panel  to  a  close.  1  hope  you  found  the 
two  Specialists'  Meetings  this  week  both  informative  and  stimulating  and  that  you  will  return  to  your  computer  terminals 
ready  to  implement  more  efficient  mesh  generation  methods,  be  prepared  to  run  your  programs  in  an  inverse  manner,  and 
apply  optimization  techniques  to  them.  On  your  behalf  I  would  like  to  thank  the  Program  Committees  for  both  ot  these 
Specialists'  Meetings,  and  in  particular  the  chairmen.  Professor  Slooff  and  Dr.  Schmidt  and  the  members  of  the  Committee 
who  acted  as  Session  Chairmen,  thank  you  very  much  for  your  efforts.  Next  1  wish  to  thank  our  Norwegian  hosts  for 
everything  they  have  done  to  ensure  the  success  of  our  meeting  here  in  Loen.  In  particular  our  thanks  go  to  Mrs.  Inge  Hoff. 
Major  of  the  Stryn  commune  who  gave  the  welcoming  address  on  Monday  and  the  slide  show,  and  in  particular  our  two 
Norwegian  panel  members  who  have  had  so  much  to  do  in  organizing  this  meeting.  Professor  Ytrehus  and  Professor 
Norstrud.  On  Tuesday  evening  we  had  a  very  interesting  video  presentation  on  Surface  Effect  Ships  from  the  Illstein  group, 
and  I  ask  you  to  join  me  in  thanking  Dr.  Thurderof  the  group  for  this  very  interesting  presentation  and  very  enjoyable 
reception  which  followed.  Once  everything  is  in  place  for  a  meeting,  the  smooth  running  depends  very  much  on  the  staff  and 
our  Panel  Executive  Member,  Michael  Fischer  and  his  secretary  Anne-Marie  Rivault,  together  with  the  technicians  Mr.  Colin 
and  Mr.  Koolen  who  have  operated  the  projection  and  audio  equipment  so  efficiently  during  the  week.  I  invite  you  to  join 
me  in  thanking  them  all.  Last  but  not  least,  at  the  back  of  the  room  throughout  the  week  our  team  of  interpreters  have  had 
to  work  very  hard  and  often  at  very  great  speed.  I  ask  you  to  thank  them,  that  is  Mrs.  Beck-Hertz.  Mrs.  Lamon  and 
Miss  Mazaud. 

Thank  you  very  much.  Ladies  and  Gentlemen,  that  concludes  our  meeting. 
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14.  Abstract 

The  ACiARD  Fluid  Dynamics  Panel  sponsored  this  Sy  mposium  to  provide  a  survey  ot  the 
capabilities  of  the  CPA)  community  for  griding  c<  .nplex  3-D  configurations.  1  he  intent  was  to 
provide  some  insight  to  the  present  suite  of  grid  generation  for  complex  configurations  to  help 
assess  w  hether  this  task  presents  a  long-term  stumbling  block  to  the  routine  use  of  CPD  in 
aerodynamic  applications. 

Id  this  end.  the  meeting  was  structured  in  five  sessions:  General  Surveys.  Algebraic  Grid 
Generation.  Block  Structured  Meshes.  Multiblock-Adaptive  Meshes  and  Unstructured  Meshes. 
Twenty-two  papers  from  these  sessions  amply  demonstrated  that  the  viability  of  a  numerical 
solution  depends  directly  on  the  quality  of  the  mesh  and  surface  representation  as  measured  by  its 
spacing  and  resolution.  Of  particular  interest  was  the  mesh  generation  for  complex  configurations, 
such  as  advanced  fighter  or  transport  aircraft,  missiles  and  space  vehicles,  where  complex 
geometries  and/or  complex  flow-fields  have  to  be  analysed. 


Results  from  this  meeting  indicate  that  geometry  discretization  and  generation  of  meshes  for 
complex  3-D  configurations  in  aerospace  will  continue  to  be  time-  and  cost-consuming  operations 
for  some  time  to  come. 
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